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The visual and olfactory cues used in short-range orientation, specifically nest 
location and nest recognition, were studied in two solitary bee species Osmia hgnaria 
Say and Megachile rot1111data (F.) Osmia lignaria, the blue orchard bee, is an important 
pollinator of orchard crops, such as apples, cherries, and almonds; and M. rotunda/a, the 
alfalfa leafcutting bee, is used in commercial pollination of alfalfa. The general objective 
was to better understand how these two species locate their nests and how improving nest 
location could benefit crop pollination. 
The use of proximal visual landmarks at the nesting site was investigated with M. 
rotunda/a, and revealed that females rely more on vertical landmarks than on horizontal 
landmarks for nest location. Osmia bgnaria and M rotundata were also shown to use 3-
dimensional patterns as well as color contrast patterns for nest location. Changing the 
depth of the 3-dimensional pattern and the color contrast brightness affected nest location 
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ability of both species. Applying these results to commercial situations with M 
rotundata showed that providing 3-dimensional patterns to commercial nesting boards, 
either by separating the boards or by designing 3D boards, allowed M rotundata females 
to improve their nest location. The 3D board also decreased the incidence of chalkbrood-
related mortality, caused by the fungus Ascosphaera aggregata. Finally, in-nest 
observations showed 0. lignaria females marking their entire nest with abdominal 
secretions. These secretions provided olfactory cues that 0. lignaria females use for 
individual nest recognition. A chemical analysis of the nest markings revealed the 
presence of free fatty acids, long chain hydrocarbons, and wax esters. 
These results have implications for commercial bee management practices, where 
visual and olfactory cues can be manipulated. Improving the nest location performance of 
M. rotundata and 0. lignaria females would decrease nest location time, thus having 
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CHAPTER I 
INTRODUCTION 
The studies reported in this dissertation were conducted on two solitary bee 
species Osmia lignaria Say and Megachile rotundata (F.). These two species belong to 
the insect order Hymenoptera, family Megachilidae. Osmia lignaria is native to North 
America, whereas Megachile rot1111data, was accidentally introduced to North America 
from Eurasia in the 1930's (Stephen, 1962) Most bee species are solitary, with every 
female bee being fertile, and building and provisioning her own individual nest. Although 
solitary, both 0. lignaria (Torchio, 1991) and M. rot1111data (Kukovica, 1966; Bohart, 
1972) are gregarious. 
Osmia lignaria and M. rotunda ta are active at different times of the year, spring 
for 0. lignaria and summer for M rot1111data. They differ in size: 0. lignaria females 
measure 10-15 mm in length (personal observation) and weigh 92.3 mg on average (Rust, 
1991 ), whereas M rot1111data females measure around 9 mm in length (Stephen, 1962) 
and weigh 35 mg on average (Richards, I 984). In nature, both species nest in preexisting 
cavities, such as tree trunk burrows made by xylophagous beetles or abandoned nests of 
other bees or wasps. In these cavities, they build linear series of cells, each cell 
containing a mixture of nectar and pollen on which an egg is laid (Torchio, 1989; 
Osgood, 1964; Klostermeyer and Gerber, 1969). Only females build and provision the 
nests; males do not participate in brood care. Osmia bgnaria, the blue orchard bee, uses 
mud partitions to construct its nests and is an important pollinator of orchard crops, such 
as apples, cherries and almonds (Torchio, 1991; Bosch and Kemp, 2001) Megachile 
2 
rotunda ta, the alfalfa leafcutting bee, lines its nests with leaf pieces (Osgood, 1964) and 
is used throughout North America in commercial pollination of alfalfa (Bohart, 1972; 
Osgood, 1974; Richards, 1984). 
These two solitary species represent good alternatives to the social honeybee, A. 
mellifera, for pollinating crops (Peterson et al., 1992; Bosch and Kemp, 2001). 
Commercial pollination practices however, often lead to problems with bee management. 
Indeed, in commercial situations, large numbers of bees are released and nesting boards 
with thousands of nesting cavities are used, creating high levels of confusion among 
nesting females attempting to locate their nesting hole (Fauria, 1998). Understanding the 
cues used for nest location and nest recognition could affect 0. hgnar;a and M. rotundata 
commercial management practices. 
In order to accomplish all the tasks involved in nesting, i.e., finding a nesting 
cavity, collecting building material, and collecting nectar and pollen to provision the nest, 
insects have to orient in the environment. Orientation is defined as "the capacity and 
activity of controlling location and attitude in space and time with the help of external 
and internal references (i.e., stimuli)" (Jander, 1963). From this definition, we can 
differentiate three types of orientation in insects navigation, long-range orientation, and 
short-range orientation. Navigation occurs when an insect must find a goal, such as food, 
in a completely new territory. When the insect cannot detect the goal from its current 
position, but is in familiar surroundings, it must employ what is known as long-range 
orientation. Finally, the short-range orientation occurs when an insect is in sensorial 
contact with its goal. With solitary bees and wasps that nest in aggregations, short-range 
orientation upon return to the nest can be subdivided in nesting site location and 
individual nesting cavity location, i.e., nest location and nest recognition. Nesting site 
location occurs when the insect is in sensorial contact with the nesting site, but too far to 
identify its individual nesting cavity Nest location occurs when the insect is within few 
centimeters of the nesting cavities and can locate its own nest entrance. When the nest 
entrance has been located, the decision to enter the nest is influenced by the cues 
involved in nest recognition. 
Because 0. fignaria and M. rot1111data are solitary and gregarious, females forage 
and provision their nests independently, and upon return from a foraging trip, have to 
locate their nests among large aggregations of nearby nesting cavities. In nature, 0. 
fignaria and M. rot11ndata females show little or no hesitation when locating their nests, 
suggesting the use of visual and/or olfactory cues. Visual cues have been shown to be of 
primary importance for nesting site location and nest location in several species of 
solitary bees and wasps (reviewed in Fauria and Campan, 1998; Inouye, 2000). The use 
of olfactory cues in individual nest recognition has been addressed with several solitary 
bee species (Steinmann, 1976, 1985, 1990; Anzenberger, 1986; Ayasse, 1990; Hefetz et 
al., 1990; Raw, 1992; Wcislo, 1992; Fauria, 1998; Inouye, 2000). 
Osmia lignaria and M. rot11ndata females forage independently and thus can be 
trained to a feeder only with difficulty. However, each provision of pollen and nectar 
represents many foraging trips and returns to the nest that can be used in observations, 
particularly in nest location and nest recognition experiments. Additionally, both species 




The general objective of my research is to better understand how these two 
species of solitary bees locate their nests and how improving nest location could benefit 
crop pollination. This dissertation contains six chapters. Chapter 1 is the introduction and 
chapter 6 the discussion. Chapters 2, 3, and 4 focus on the use of visual cues for nest 
location and chapter 5 covers the use of olfactory cues for individual nest recognition. 
In chapter 2, I addressed the relative importance of vertical versus horizontal cues 
in nest location by females of the solitary bee M. rotundata. The characteristics of visual 
landmarks used by bees, wasps and ants, such as their absolute size (Zeil, 1993; Bri.innert 
et al., 1994), apparent size (Cartwright and Collett, 1979), shape (Wehner, 1981; Fauria, 
1998), color (Cheng et al., 1986; Giurfa and Lehrer, 2001), contrasts (Srinivasan et al., 
1990), as well as the mechanisms involved in detecting those characteristics have long 
been under investigation (Cartwright and Collett, 1979; Cheng et al., 1987; Collett, 
1996) Little attention, however, has been given to the relative importance of vertical 
versus horizontal cues. Cartwright and Collett (1983) demonstrated that A. mellifera 
perceives both vertical and horizontal characteristics of a visual landmark. The objectives 
of this study were to investigate the relative importance of vertical versus horizontal cues 
on the nest location performance of M. rot1111data either by displacing the nest block, by 
displacing a proximal landmark, and finally by removing proximal landmarks, leaving 
intact either vertical or horizontal landmarks. 
In chapter 3, I focused on the impo11ance of visual cues, i e., color contrast and 
third dimension, in nest location of 0. lignar;a and M. rotunda ta. To orient in their 
environment, bees use colors, lines of contrast and depth (reviewed by Srinivasan et al., 
1990; Cam pan et al., 1997). The importance of color contrast has been demonstrated for 
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food places (for reviews, see Srinivasan et al., 1990; Giurfa and Lehrer, 2001), 
landmarks (Cheng et al., 1986), nesting site and nest location (von Frisch, 1967; Osgood, 
1968; Fauria, 1998). A three-dimensional perception of the world is central to estimating 
the distance to an object, the distance between two objects, and the absolute size of an 
object (Cartwright and Collett, 1979; Cheng et al., 1987; Lehrer et al., 1988; Srinivasan 
et al., 1989, 1990). The objective of this study was to assess the importance of color 
contrast patterns and 3-dimensional patterns as cues used in nest location by 0. lignaria 
and M. rot11ndata females 
In chapter 4, 1 applied the results obtained in chapter 2 to commercial alfalfa 
pollination with M. rnt1111Jata. ln commercial situations, high bee densities are released 
(Bohart, 1972; Fauria, 1998), and can lead to nesting cavity competition and confusion, 
and thus to an increased number of mistakes when bees try to locate their nests (Fauria, 
1998). This increases the time spent by females locating their nest: from 0.6 to 12 
seconds (mean 1 .90 ± 0 11 SE, n = 186) in low-density situations to several minutes in 
commercial situations, thus decreasing alfalfa pollination efficiency and healthy brood 
production (Peterson et al., 1992). Moreover, population losses ( difference between the 
number of adults released and the live progeny obtained) have been attributed in part to 
chalk brood, a predominant fungal (Ascosphaera aggregata) disease in M. rotunda/a 
(Peterson et al., 1992) High densities of M. rot1111data could facilitate the spread of the 
disease when nesting females enter wrong nests or interact with other females, behaviors 
often observed in commercial situations. Additionally, previous observations at a 
commercial scale revealed a high level of brood less provisions, in which the provision 
remains intact because no egg was laid (Pitts-Singer, 2004). Overpopulation in the 
nesting shelters results in confusion and disorientation of M rotundata females in front 
of the nesting boards (Fauria, 1998; Guedot et al., 2003), leading to increased nest 
location time. The time spent locating the nest might result in increased evaporation of 
the provision moisture and also a consumption of some of the nectar carried by the 
female that was intended to be used for the provision. The female might thus decide that 
the provision is not suitable for oviposition and abandon the nest before laying an egg. 
The first objective of this study was to determine if nest location performance could be 
improved by providing 3-dimensional and color contrast visual cues to nesting boards in 
commercial M. rotunda ta shelters. The second objective was to evaluate if this 
improvement in nest location performance could result in a decrease in the incidence of 
chalkbrood-related mortality and broodless provision in commercial M. rotundata 
shelters. 
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In chapter 5, I investigated the use of olfactory cues for individual nest 
recognition by the solitary bee 0. lignaria. When 0. lignaria females returning from a 
foraging trip enter a wrong cavity, they immediately exit and search for their nest, 
suggesting the use of olfactory cues (personal observations) Some studies have looked at 
the effect of removing potential nest entrance markings by either replacing the nest 
entrance or washing it with hexane. Such methods have been successful in eliciting a 
delay in nest recognition in several solitary bee species, indicating the presence of 
olfactory cues at the nest entrance (Skaife, 1952; Steinmann, 1976, 1990; Hefetz et al., 
1990; Wcislo, 1990, 1992; Hefetz, 1992; Raw, 1992). However, the use of olfactory cues 
for individual nest recognition has never been demonstrated in Osmia. The objectives of 
this study were first to assess, through behavioral observations, if 0. lignaria nesting 
7 
females individually mark their nest; second, to locate where the marking occurs within 
the nest and if marking is used for individual nest recognition; and finally, to identify the 
chemical components used in individual nest marking. 
My research focuses on understanding how 0. lignaria and M rotundata locate 
their nests and how improving their nest location performance could benefit crop 
pollination. Investigating the use of visual and olfactory cues by 0. lignaria and M 
rotu11data will provide a better understanding of how females of these two species locate 
their nest among large aggregations of nearby nesting cavities. Furthermore, as both 
species are used in commercial pollination of fruit trees and crops, my research has 
important implications on commercial bee management practices. 
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CHAPTER2 
THE RELATIVE IMPORTANCE OF VERTICAL AND 
HORIZONTAL CUES IN NEST LOCATION BY THE 
SOLITARY BEE MEGA CHILE ROTUNDATA 
(F.) (HYMENOPTERA: MEGACHILIDAE)1 
ABSTRACT 
13 
We addressed the relative impo11ance of vertical and horizontal cues in nest 
location by females of the solitary bee Megachile rotnndata (F.). We compared vertical 
versus horizontal displacements of a nest block in the first experiment and of a proximal 
landmark in the second experiment. In the third experiment, we removed either vertical 
or horizontal proximal landmarks. Bees responded to changes applied to the nesting area 
by increasing nest location time and displaying disoriented behaviors (hovering flights, 
reorientation flights, wrong nest visitations). The nest block displacements revealed a 
higher level of disorientation with horizontal displacements than with vertical 
displacements. Proximal landmark displacement led to disorientation with a horizontal 
displacement, but not with a ve11ical displacement. Removing proximal landmarks 
elicited disorientation with similar results, regardless of the orientation of the remaining 
landmarks. Our experiments show that M. rotnndata females use proximal landmarks at 
the nesting site, and that they seem to rely more on vertical landmarks than on horizontal 
landmarks for nest location. 
1 Coauthored by Christelle Guedot, Jordi Bosch, and William P. Kemp 
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INTRODUCTION 
Bees, wasps and ants use visual landmarks when returning to their nest (for 
review, see Wehner, 1992; Collett, 1996) They use distal prominent landmarks en-route 
to the nest (for review, see Gould & Gould, 1988) and proximal landmarks surrounding 
the nest for nest location (for review, see Fauria, 1998). Landmark characteristics, such as 
absolute size (Zeil, 1993b; Brunnert et al., 1994), apparent size (Cartwright & Collett, 
1979), shape (Wehner, 1981; Fauria, 1998), color (Cheng et al., 1986; Giurfa & Lehrer, 
2001 ), contrasts (Srinivasan et al, 1990), as well as the mechanisms involved in 
detecting those characteristics have long been under investigation (Cartwright & Collett, 
1979; Cheng el al., 1987). Little focus, however, has been given to the relative 
importance of vertical versus horizontal cues. Cartwright and Collett (1983) 
demonstrated that the honeybee, Apis mell?fera, relies on both vertical and horizontal 
characteristics of a visual landmark to locate a food source. Honeybees have also been 
shown to discriminate vertical versus horizontal striped patterns presented on a target at a 
feeding place (Srinivasan & Lehrer, 1988). Our goal was to determine the relative 
importance of vertical versus horizontal cues in nest location by females of the solitary 
bee Megach;/e rotunda/a (F.). 
Most bee species are solitary, with each female bee being fertile, and thus 
building and provisioning her own nest. Although solitary, M rot1111data is gregarious 
(Kukovica, 1966), so it is possible to manage many individuals at artificial nesting sites 
for commercial or experimental purposes. Being solitary, individual females forage 
independently and thus can be trained to a feeder only with difficulty. Megachile 
rotundata females use leaf pieces as nesting material and provision their nest with pollen 
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and nectar. Each provision of pollen and nectar represents many foraging trips that can 
be used in observations, particularly in nest location studies. Foraging M. rotundata 
females, upon return to the nesting site, have to locate their nest among large 
aggregations of nearby nesting cavities. However, they usually show little or no 
hesitation when locating their nests, suggesting the use of visual and/or olfactory cues. 
Visual landmarks have been shown to be of primary importance for nest location in 
several species of solitary bees and wasps (for review, see Fauria & Cam pan, 1998; 
Inouye, 2000). Furthermore, when approaching the nest, honeybees have been shown to 
rely mainly on the landmarks close to the nest, i.e. proximal landmarks (Cheng et al., 
1987). 
Motion parallax, known to be used by bees and wasps for depth perception 
(Lehrer et al., 1988; Srinivasan et al., 1989, 1990; Zeil, 1993b), requires sideways 
movements of the orienting insect leading to retinal image displacements. The faster the 
retinal displacement, the closer the object is relative to another object, or to the 
background (von Frisch, 1967; Kirchner & Srinivasan, 1989; Srinivasan el al., 1990) 
Furthermore, when returning to their nests, M rol1111da1a females exhibit sideways 
movements when disoriented or when learning a new configuration at the nesting site 
(personal observations). This sideways flight pattern resembles previous descriptions of 
"turn-back-and-look" (Lehrer, 1991, 1993) and "learning flights" behaviors (Zeil, 1993a, 
1993b). Alternatively, insects instinctively fly upward when attempting to escape or 
avoid an obstacle, a common behavior exploited in Malaise traps (Borror el al., 1981 ). 
Vertical and horizontal flight patterns are thus often exhibited by insects depending on 
the task to perform. In this study, we focused on the importance of vertical versus 
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horizontal displacements of the nest block and of a proximal landmark, as well as the 
removal of vertical versus horizontal landmarks on M. rotundata nest location 
performance. 
Bees and wasps are strongly disoriented by nest displacements, often hovering at 
the original position of the nest (Verlaine, 1924; Butler et al, 1970; Peters, 1976; 
Anzenberger, 1986; Raw, 1992; Hefetz, 1992). However, most of these studies only 
considered lateral, i.e. horizontal nest displacements. Other studies on vertical and 
horizontal nest displacements did not specifically compare the effect of vertical 
displacements against horizontal displacements on nest location by returning females 
(Steinmann, 1973; Anzenbergen, 1986; Zeil & Wittmann, 1993). Studies conducted with 
the solitary bees 0. bicomis and 0. cornuta (Steinmann, 1973 ), and with Xylocopa 
flavon!fa, X torrida, and X imitator (Anzenberger, 1986) were not designed to compare 
vertical versus horizontal displacements, as displacements of the same distance were not 
tested. In a study conducted with Trigono a11g11st11la, displacements of equal distances 
were tested; however, a box similar to the nest box was added at the original position of 
the nest in the vertical displacement trial only (Zeil & Wittmann, 1993) 
Displacements of proximal landmarks elicited a delay in nest location by bees and 
wasps, as the returning females follow the landmarks to the new position, as long as the 
displacement was restricted to a sho11 distance, beyond which the orienting insect 
searches at the original position of the proximal landmark (Turner, 1908; Tinbergen, 
1958; Chmurzynski, 1964; Steinmann, 1973, 1985; Plowright et al., 1995; Fauria, 1998; 
Inouye, 2000). The removal of proximal landmarks led to the disorientation of returning 
females in some cases (Fauria, 1998), but not in others (Plowright et al., 1995). 
In this study, we were interested in the relative importance of vertical versus 
horizontal cues on the nest location performance of M. rot11ndata females. We designed 
three field experiments that tested: 1) the response of M rotundata females to vertical 
versus horizontal displacements of the nest block; 2) the response of M rotundata 
females to vertical versus horizontal displacements of a proximal landmark; 3) the 
response of M rot11ndata females to the removal of vertical versus horizontal proximal 
landmarks. 
MATERIALS AND METHODS 
Bees 
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Megachile mt11ndata. the alfalfa leafcutting bee, lines its nests with leaf pieces 
(Osgood, 1964). As it is active during the summer months, this bee is commonly used in 
commercial pollination of alfalfa throughout North America (Bohart, 1972; Osgood, 
1974; Richards, 1984). In nature, M rot11ndata nest in preexisting cavities such as tree 
trunk holes or abandoned nests of other bees or wasps. In these cavities, they build linear 
series of cells, each cell containing a mixture of nectar and pollen, on which an egg is laid 
(Osgood, 1964; Klostermeyer & Gerber, 1969). Only females build and provision the 
nest; males do not pai1icipate in brood care Females measure around 9 mm in length 
(Stephen, 1962) and weigh 3 5 mg on average (Richards, 1984 ). 
Study sites and nesting materials 
Three experiments were carried out during the summer months of 2002 and 2003 
on Conservation Reserve Program land containing alfalfa near Logan, Utah. For the first 
experiment, the nesting shelters were wooden boxes (60 x 60 x 19 cm) open on one side 
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and attached to three 180 cm metal fence posts, holding the shelter 1 m above the 
ground. The open side of each nesting shelter was oriented southeast, for better female 
establishment and early morning activity (Stubbs et al., 1994). Nesting shelters were 
painted black (Olympic Premium, base 5, 5 I 8-7). All paints used were I 00% acrylic latex 
exterior flat. In each shelter, a Styrofoam block (9 x 9 x 9 cm) containing 8 I (9 x 9) holes 
was used as nesting material. The nesting holes (inner diameter: 6.3 mm) were provided 
with paper straws that could be removed and replaced. The nest block was bolted in its 
center to the nesting shelter. 
For experiments 2 and 3, we used wooden boards (122 x 122 x 1 cm) attached to 
three 180 cm metal fence posts (fig. 2.1) The boards were painted black (Olympic 
Premium, base 5, 518- 7) Each board was drilled with 576 (24 x 24) holes. The first hole 
was drilled 2.5 cm from the upper left corner of the nesting board, and holes were spaced 
5 cm apart from that first hole. The center area (6 x 6 holes), called "nesting area," was 
provided with paper straws inserted from the back of the board. The straws were 
protected from the weather by a wooden box (30 x 30 x 9 cm) attached to the back of the 
board. The remaining 540 holes were blind holes, i.e., they were covered in the back with 
black paper. These blind holes were only 1 cm deep, so the females would not use them 
as nesting cavities. For experiments 2 and 3, we used proximal landmarks that were 
mounted on the nesting boards with screws. Each landmark consisted of a wooden strip 
(5 cm wide; 122 cm) painted in white (American Tradition, ultra white 73035). 
Nesting area 
Blind hole area 
...... •' •••••• I. 
' ' -,--,----,---+• I •••••• I e • . -: ...... : . 
--;--;-;-►• 
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122 cm 
FIG. 2.1. Nesting board used in experiments 2 and 3. 
Populations 
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Megachile rotundata were purchased during the spring from Integrated 
Pollinators Systems (Nampa, ID) in 2002 and from JMW Leafcutters Inc. (Nampa, ID) in 
2003 as prepupae and transferred to a constant 4°C cooler. Twenty-three days prior to 
beginning the experiments, the cocoons were transferred to a 29°C incubator to complete 
development and emergence (18-19 days for males and 21-24 days for females). Newly 
emerged females were temporarily cooled ( 4°C) and marked for individual identification 
with a dot of colored enamel paint (Testors) on the thorax. Subsequently, each female 
was individually inserted into a straw plugged on both ends with cotton and transported 
to the field. 
Three populations of M. rotundata were released: 100 females in August 2002, 
400 in July 2003, and 400 in August 2003. For each population of females, twice as many 
males were also released. Data collection was conducted no sooner than one week after 
release, allowing time for the bees to mate, and for females to select a nesting cavity 
and begin nest provisioning. 
Procedures 
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When a bee returned from a foraging trip, we used an audio tape recorder to 
record the time and behavior she exhibited while searching for her nesting hole, from as 
early as she could be seen in front of the nesting shelter, until she entered her nest. Each 
nesting cavity was assigned a 2-digit number for its row and column position. This 
number was also used to identify the female nesting in that cavity. A map of the nests 
helped us identify which female (individually marked) was nesting in each hole. 
We recorded nest location time and behavior of as many females as possible in 
the control situation (before the treatment was applied). Then, we applied the treatment, 
and recorded the time and behavior of the females returning to the nesting area. 
The experiments were designed to compare the time spent by females to locate 
their nest, before (T n) and after (T-\) applying a treatment (i e a displacement or removal 
applied to either the nest block or proximal landmarks), giving an indication on the delay 
experienced by females locating their nest after a treatment was applied (T A-T 8 ). 
We also recorded the behavior exhibited by returning females when attempting to 
locate the nesting hole. Four categories were defined, and each category was assigned a 
score. 1) Direct flight: the female went straight into her nest, without hesitation (score= 
0). 2) Hovering flight: the female performed a hovering or zigzagging flight in front of 
the nesting area (score= 1). 3) Reorientation flight: the female reoriented, i.e. left the 
vicinity of the nesting area and then returned (score= 2). 4) Wrong-hole visitation: the 
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female entered a wrong hole (score= 3). The score for each female was computed by 
adding the scores of each behavior performed in a single nest location attempt. We also 
reported the behavior score before (Bs) and after (BA) applying a treatment. The increase 
in behavior score (BA-BB) was used as an indicator of the degree of confusion or 
disorientation experienced by the females. 
Experiments 
Experiment 1: nest block displacements. This experiment assessed whether 
vertical displacements of the nest block would affect nest location time by M. rotundata 
females differently than horizontal displacements. The nest block was originally placed at 
the lower right corner of the nesting shelter in the control situation (before) (fig. 2.2). 
a) Nest block displaced vertically. The nest block was moved vertically (51 cm) by 
mounting it against the upper edge of the nesting shelter. 
b) Nest block displaced horizontally. The nest block was moved horizontally (51 
cm) by mounting it against the left edge of the nesting shelter. 
Experiment 2: proximal landmark displacements. This experiment tested the 
relative impo11ance of a vertical displacement versus a horizontal displacement of a 
proximal landmark. The proximal landmark (white strip) was originally placed adjacent 
to the nesting area, i.e. above the nesting area (horizontal landmark) or to the left of the 
nesting area (vertical landmark). The landmark was then moved 10 cm from its original 
position (fig. 2.3), maintaining its original vertical or horizontal orientation. 
a) Horizontal landmark displaced ve11ically. Horizontal landmark displaced upwards 
IO cm from the nesting area. 
b) Vertical landmark displaced horizontally. Vertical landmark displaced 10 cm to 











FIG. 2.2. Nesting shelter, nest block and nest block displacements for experiment 1 (nest 
block displacements). 
Proximal landmark displaced vertically Proximal landmark displaced horizontally 
FIG. 2.3. Nesting boards and associated proximal landmark (white strip) used in 
experiment 2 (proximal landmark displacements). The arrows depict the direction of 
displacement of the proximal landmark for each treatment. 
Experiment 3: proximal landmark removal. In this experiment, we tested the 
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relative importance of removing either vertical or horizontal proximal landmarks when 
both vertical and horizontal landmarks were originally present. Four proximal landmarks 
(two vertical and two horizontal) were originally placed surrounding the nesting area (fig. 
2.4). 
a) Vertical landmarks remain. Horizontal proximal landmarks were removed from 
the nesting shelter so that only vertical proximal landmarks remained. 
b) Horizontal landmarks remain. Vertical proximal landmarks were removed from 
the nesting shelter so that only horizontal proximal landmarks remained. 
or 
Control situation 
FIG. 2.4. Nesting boards and associated proximal landmarks (white strips) used in 
experiment 3 (proximal landmark removal). 
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Statistical analysis 
We used SAS V8 (SAS Institute Inc., 1999-2001) for all analyses. Differences in 
nest location time and behavior scores obtained for each female before and after the 
treatment (paired samples) were analyzed with the non-parametric univariate procedure, 
using the Sign Test based on the median; the statistic Mis reported. The Sign test 
compares the number of positive differences (TA> Ts and BA> Bs), to the number of 
negative differences (TA< Ts and BA< Bs), regardless of the magnitude of the increase. 
The Sign test assumes that the median difference is zero with an equal number of positive 
and negative differences (Zar, l 999) Null differences are not included in the analysis. 
Comparisons of differences between before and after for nest location times and behavior 
scores between treatments of the same experiment were analyzed using a non-parametric 
NPAR 1 WAY procedure with the Kolmogorov-Smirnov two-sample test (asymptotic) 
based on the distributions; the Kolmogorov-Smirnov Statistic (asymptotic) KSa is 
reported. The Kolmogorov-Smirnov test compares the distribution of the differences 
between two samples 
RESULTS 
Experiment 1. Nest block displacements 
Megachi/e rot11ndata females returning from a foraging trip were very sensitive to 
nest block displacements (table 2.1 ). For both vertical and horizontal nest block 
displacement treatments, 100% of the females experienced a delay for nest location (TA> 
Ts) and displayed greater frequency of behaviors consistent with disorientation, leading 
to increased behavior scores. Females returning from a foraging trip went to the original 
TABLE 2.1. Nest location time and behavior scores for Megachile rotundata females of experiment 1 (vertical and horizontal 
nest block displacements), before and after a treatment was applied. 
Time (sec} % bees with 
Nest block displacement nl mean± SE median range TA>Tn2 M3 ; P-value KSa 4 ; P-value 
Vertical Before 28 2.77±0.77 1.6 0.8 - 22.3 
After 28 77.63 ± 11.84 45.1 14.4 - 265.2 
Difference 74.85± 11.93 43.5 10.4 - 262.8 100% 14; <0.0001 
2.41; <0.0001 
Horizontal Before 23 3.78± 1.70 1.3 0.8 - 40.0 
After 23 176.95 ± 16.16 167.1 74.7 - 372.3 
Difference 173.17± 15.68 162.9 73.4 - 370.3 100% 11.5; <0.0001 
Behavior Score % bees with 
Nest block displacement mean± SE median BA> Bn 
5 
M; P-value KSa; P-value range 
Vertical Before 0.54 ± 0.27 0 0-7 
After 7.21 ± 1.33 5.5 1 - 25 
Difference 6.68 ± 1.40 5.5 -3 - 25 82.1% 11; <0.0001 
1.44; 0.03 
Horizontal Before 0.38 ± 0.20 0 0-4 
After 12.52 ± 2.03 10.0 I - 34 
Difference 12.14± 2.07 10.0 1 - 34 100% 10.5; <0.0001 
I 
n: sample size used for nest location time and behavior scores. 
2 Percent of females whose nest location time increased after the treatment was applied. 3 Sign Test. 
4 Kolmogorov-Smirnov Test. 
5 Percent of females whose behavior score increased after the treatment was applied. 
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position of the nest block, hovered, often flew upward along the vertical edge of the 
nesting shelter and reoriented frequently. The level of disorientation observed between 
treatments revealed a statistical difference for nest location time (KSa = 2.41; df = 1; P < 
0.0001) and for behavior scores (KSa = 1.44; df = 1; P = 0.03). Females spent more time 
locating their nest block and obtained higher behavior scores when the nest block was 
displaced horizontally. When females finally located the nest block after it had been 
displaced vertically, they quickly entered their own nesting cavity. Instead, with the 
horizontal displacement of the nest block, females still hovered for some time in front of 
the block after they located it before entering their own nesting cavity. 
Experiment 2. Proximal landmark displacements 
Megach;/e rot1111data females returning from a foraging trip did not spend more 
time locating their nest nor did they increase their behavior scores after the vertical 
displacement of a horizontal proximal landmark (table 2.2). Only 71 % of the females 
experienced a delay in nest location (T A>T 8 ); the remaining 29% actually improved their 
performance as evidenced by reduced nest location times. When a ve11ical landmark was 
displaced horizontally, 90% of the females exhibited increased nest location times. 
However, disorientation among returning females did not result in increased behavior 
scores. The comparison between the two treatments did not show any statistical 
difference for nest location time (KSa = 0.89; df= 1; P > 0.4). However, the level of 
disorientation suggested a difference for behavior scores (KSa = 1.33; df= l; P > 0.06), 
meaning that females of the horizontal landmark displaced vertically treatment exhibited 
TABLE 2.2. Nest location time and behavior scores for Megachile rotundata females of experiment 2 (vertical and horizontal 
proximal landmark displacements), before and after a treatment was applied. 
Time (sec} % bees with 
Landmark displacement nl mean± SE median range TA>TB2 
Vertical Before 17 19.68 ± 3.85 12.9 2.2 - 52.5 
After 17 233.11 ± 86.63 68.7 1.8-1110.8 
Difference 213.44 ± 88.59 41.2 -24.4 - 1106.4 70.6% 
Horizontal Before 20 11.03±2.18 6.7 2.0 - 30.0 
After 20 56.33 ± 8.75 54.0 10.1 - 150.8 
Difference 45.31 ± 9.07 39.15 -17.7 - 146.6 90% 
Behavior Score % bees with 
Landmark displacement mean± SE median range BA> BB 
Vertical Before 2.47 ± 0.76 0 - 11 
After 14.71 ± 4.76 4 0 - 70 
Difference 12.24 ± 5.02 " -6 - 69 58.8% .) 
Horizontal Before 1.05 ± 0.17 0-4 
After 2.70±1.01 l l - 18 
Difference 1.65 ± 1.03 0 -3 - 17 30% 
n: sample size used for nest location time and behavior scores. 
2 Percent of females whose nest location time increased after the treatment was applied. 3 Sign Test. 
4 Kolmogorov-Smirnov Test. 
5 Percent of females whose behavior score increased after the treatment was applied. 
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higher behavior scores than females from the vertical landmark displaced horizontally 
treatment. 
28 
Even though the vertical displacement of the proximal landmark resulted in a 
greater mean nest location time difference (213.44 ± 88.59) compared to the horizontal 
displacement (45.31 ± 9.07), and a higher mean behavior score difference (12.24 ± 5.02 
compared to 1.65 ± 1.03), fewer females were disoriented with the vertical displacement 
of the proximal landmark. 
Experiment 3. Proximal landmark removal 
Megachile rotunda/a females returning from a foraging trip were disoriented after 
the removal of proximal landmarks surrounding the nesting area (table 2.3) We observed 
disorientation among returning females resulting in increases in both nest location time 
and behavior scores with both treatments. After manipulation, the returning females were 
observed hovering mainly between the remaining landmarks, either flying horizontally 
between the two horizontal landmarks or vertically between the two vertical landmarks. 
Comparison of the two treatments did not reveal any differences for either nest location 
time (KS a= 0.67; df = 1; P > 0.8) or behavior scores (KS a= 0.57; df = 1; P > 0.9) (table 
2.3). 
DISCUSSION 
When approaching the nesting site, honeybees rely on visual landmarks 
surrounding the nest and the position of the nest relative to those landmarks (von Frisch, 
1967; Cartwright & Collett, 1979). The importance of visual proximal landmarks for nest 
location has been repeatedly demonstrated for several bee and wasp species (for review, 
TABLE 2.3. Nest location time and behavior scores for Megacltile rotundata females of experiment 3 (removal of vertical or 
horizontal proximal landmarks) before and after a treatment was applied. 
Time (sec} % bees with 
I mean± SE median 
, 
3 4 Remaining landmarks n range TA>TB- M; P-value KSa ; P-value 
Vertical Before 16 8.34 ± 3.99 3.9 1.0 - 66.4 
After 16 60.01 ± 23.03 21.1 2.2 - 337.5 
Difference 51.67 ± 23.32 15.1 -59.0 - 321.1 87.5% 6; 0.004 
0.67; 0.76 Horizontal Before 13 4.46 ± 0.96 4.6 1.0- 12.9 
After 13 63.05 ± 23. 18 35. l 7.2 - 304.4 
Difference 58.59 ± 23.15 32.7 2.1 - 298.8 100% 6.5; 0.0002 
Behavior Score % bees with 
Remaining landmarks mean± SE median BA> BB 
5 
M; P-value KSa; P-value range 
Vertical Before 1.44 ± 0.48 0-7 
After 7.50 ± 2.70 4 0- 40 
Difference 6.06 ± 2.74 2 -3 - 39 62.5% 4; 0.039 
0.57; 0.91 Horizontal Before 0.62 ± 0.14 0-1 
After 7.69 ± 1.90 7 I - 19 
Difference 7.08 ± 1.90 6 0 - 19 76.9% 5; 0.002 
n: sample size used for nest location time and behavior scores. 
2 Percent of females whose nest location time increased after the treatment was applied. 3 Sign Test 
4 Kolmogorov-Smirnov Test 
5 Percent of females whose behavior score increased after the treatment was applied. 
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see Fauria & Cam pan, 1998; Inouye, 2000). The characteristics of visual landmarks, 
such as color (Cheng et al., 1986; Giurfa & Lehrer, 2001 ), contrast in color (Srinivasan et 
al., 1990; Fauria, 1998), shape (Wehner, 1981; Fauria, 1998), absolute and apparent size 
(Cartwright & Collett, 1979; Zeil, 1993b; Brtinnert et al, 1994) have been extensively 
studied. However, the relative importance of vertical versus horizontal cues in nest 
location needed further investigation. We tested the importance of these cues on the nest 
location performance of M. rot1111data by displacing nest blocks or proximal landmarks, 
and by removing either ve11ical or horizontal proximal landmarks. 
Aside from visual cues, bees could use olfactory cues emanating from the nesting 
cavities when approaching the nesting site. However, previous studies have shown that 
several solitary bee species can still locate their nesting cavity after it had been covered 
with a transparent plastic film (Anzenberger, 1986; Raw, 1992; Fauria, 1998). 
Furthermore, manipulation of the nests to remove olfactory cues from inside the nesting 
cavity did not impair the nest location performance of M. rotundata, but only delayed the 
decision of entering the nest (Guedot et al., unpublished data). 
Our results indicate that M. rot1111data females were affected by nest block 
displacements. Returning females hovered at the initial position of the nest block, 
behavior previously described for several bee and wasp species (Verlaine, 1924; Butler et 
al., 1970; Peters, 1976; Anzenberger, 1986; Hefetz, 1992; Raw, 1992). Furthermore, 
females were more disoriented when attempting to locate their individual nesting cavity 
after a horizontal displacement versus a vertical displacement of the nest block. In a study 
examining nesting cavity displacements in the solitary bees Osmia n!fa, M centuncularis 
and Anthidium manica/11111, hovering was observed more frequently in the vertical axis 
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after either vertical or horizontal nest displacements, even though the color of the 
nesting shelter varied in the vertical plane but not in the horizontal plane (Raw, 1992). 
Few studies have considered both vertical and horizontal nest displacements in 
Hymenoptera (Steinmann, 1973; Anzenberger, 1986; Zeil & Wittmann, 1993). 
Experiments conducted by Steinmann (1973) with the solitary bees 0. bicornis and 0. 
cornuta showed that after horizontal displacements of individual nesting reeds of >6 cm, 
and vertical displac_ements of> 10 cm, the females returning from foraging could not 
locate their nest. However, Steinmann's study did not compare vertical versus horizontal 
displacements of the same distance. A study conducted with Trigona ang11st11la showed 
that after a displacement of 95 cm of the nesting box in the vertical plane, returning 
females could not locate their nest, whereas a 95 cm displacement in the horizontal plane 
only elicited a delay in nest location (Zeil & Wittmann, 1993) However, with the vertical 
displacement only, the authors raised the nesting box by placing it on a wooden box. The 
bees searched for the nest entrance on the new wooden box, preventing them from 
searching for the actual nesting box, thus confounding the study. 
Experiments conducted with Xylocopaflavon!fa, X torrida, and X imitator 
demonstrated that a vertical displacement of the nest did not affect nest location 
performance; whereas a rotation of the nest (horizontal displacement) of>90 degrees 
delayed nest location (Anzenberger, 1986). In contrast, Lehrer et al. (1985) described a 
preference of honeybees for scanning at a feeding place in the horizontal plane compared 
to the vertical plane. Furthermore, the authors showed that honeybees find the rewarding 
target when it has been interchanged horizontally faster ( 1 min) than when it has been 
interchanged vertically (about 16 min) Thus, it is conceivable that different hovering 
32 
strategies are used by the bees depending on the ecological positioning of the resource, 
possibly a vertical scanning pattern at the nesting site and a horizontal scanning pattern at 
a feeding place. 
The results of experiment 2 on landmark displacements revealed that M 
rotunda/a females were not disoriented by a vertical displacement of a horizontal 
proximal landmark. Whereas with a horizontal displacement of a vertical proximal 
landmark, most females were disoriented. In both treatments, several females were 
observed hovering at the new location of the landmark, behavior often described with 
other bees and wasps (Turner, 1908; Tinbergen, 1958; Chmurzynski, 1964; Steinmann, 
1973, 1985; Lehrer et al., 1985; Plowright et al., 1995; Fauria, 1998; Inouye, 2000). 
Females nesting in the cavities originally close to the proximal landmark were more 
likely to hover along the displaced landmark, 10 cm away from the nesting area than 
females nesting further away from the original location of the landmark. One way of 
addressing this issue with our results would be to perform a statistical analysis with the 
distance of the nesting cavity to the landmark as a co-variate. However, our sample sizes 
did not allow such analyses, as a majority of the females nested close to the proximal 
landmark. Furthermore, mean nest location times were higher even before a treatment 
was applied in this experiment This suggests that the nesting shelter and the proximal 
landmark did not provide sufficient orientation cues for returning females. However, in 
all our experiments, females always located their nest in the time allotted to the 
experiments, indicating that the treatments applied elicited disorientation by only 
delaying nest location. 
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The results of experiment 3 on landmark removal showed that M rotundata 
females were equally affected by the removal of vertical or horizontal landmarks. Our 
results are consistent with a study in which honeybees equally discriminated vertical and 
horizontal striped patterns presented on a target at a feeding place (Srinivasan & Lehrer, 
1988). The similar results obtained with each landmark removal treatments suggests that 
M. rotundata females use the landmarks present around the nesting site equally, 
regardless of their orientation, as long as they provide sufficient cues for nest location. In 
our experiment, the returning females hovered in a pattern following the orientation of 
the remaining landmarks. These results are in agreement with a previous study showing 
that honeybees scan at a target with the same orientation as the striped patterns presented 
on that target (Lehrer et al., 1985) Removing landmarks surrounding the nesting site of 
the solitary bee 0. cor1111ta elicited a higher level of disorientation in females when all the 
proximal landmarks were removed versus the partial removal of the landmarks (Fauria & 
Campan, 1998). Other experiments did not show disorientation with Xylocopa spp. or 
Bombus ;mpat;ens after the removal of proximal landmarks; however, in these studies, 
other conspicuous visual cues remained for use by returning females (Anzenberger, 1986; 
Plowright et al, 1995) 
In summary, our results demonstrate that M rot,mdata females use proximal 
landmarks at the nesting site for nest location. Megach;/e rotundata females are more 
disoriented by horizontal than vertical displacements of the nest itself or of a proximal 
landmark. Megachile rotundata females locate their nest using the proximal landmarks 
available, regardless of their orientation, as long as the landmarks provide sufficient cues 
for nest location. These results could be used in M. rotundata commercial management 
practices where visual cues can be manipulated. Indeed, emphasizing vertical 
landmarks in shelter or nest block designs could have important consequences on 
pollination efficiency of M. rot1111data. 
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CHAPTER3 
EFFECT OF 3-DIMENSJONAL AND COLOR CONTRAST 
PATTERNS ON NEST LOCATION PERFORMANCE 




We addressed the importance of 3-dimensional patterns and color contrast 
patterns as cues used in nest location by Osmia lignaria Say and Megachile rotundata 
(F.) females. We manipulated the surface of the nesting site testing 3-D patterns of three 
different depths (1 cm, 2 cm, and 6 cm) and three different color contrasts (black-black, 
black-gray, and black-blue). We also tested the relative importance of a 3-D pattern 
versus a color contrast pattern as nest location cues. Both species perceived 3-D patterns 
as well as color patterns. Bees responded to changes to the nesting surface by increasing 
nest location time and displaying disoriented behaviors (hovering flights, reorientation 
flights, wrong nest visitations) The increase in the depth of the 3-dimensional pattern as 
well as in the brightness of the color contrast led to an increase in the level of confusion. 
We observed differences between species in the minimum depth detected, 1 cm withM. 
rotunda/a, 2 cm with 0. lignaria, and in the level of confusion for the blue treatment (M. 
rotundata being more confused than 0. lignaria). 
1 Coauthored by Christelle Guedot, Jordi Bosch, and William P. Kemp 
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INTRODUCTION 
Most experiments investigating the use of visual cues by bees are conducted with 
the social honeybee, Apis mell[fera (von Frisch, 1967; Cartwright and Collett, 1982, 
1983, 1987; Gould, 1980, 1986, 1987; Chittka et al., 1995a, 1995b; Dyer, 1987, 1991, 
1994, 1996; Menzel et al., 1990, 1996, 1998; Srinivasan et al., 1993, 1996, 1997, 2000). 
However, most bee species are solitary, with each female bee being fertile, and thus 
building and provisioning her own nest. Although solitary, both Megachile rotundata and 
Osmia lignaha are gregarious (Kukovica, 1966; Bohart, 1972; Torchio, 1991 ), and can 
be managed at artificial nesting sites for commercial or experimental purposes. Being 
solitary, individual females of these two species forage independently and thus can be 
trained to a feeder only with difficulty Both species provision their nest with pollen, 
nectar and bui !ding material. Each provision of pollen and nectar represents many 
foraging trips and returns to the nest that can be used in observations, particularly in nest 
location experimentation. Because they are gregarious, nesting females have to locate 
their nest among large aggregations of close-by nesting cavities. Megachile rotunda/a 
and 0. lignaria females, however, show little or no hesitation when locating their nest, 
suggesting the use of some visual and/or olfactory cues. Visual cues have been shown to 
be of primary importance for nest location in several species of solitary bees and wasps 
(reviewed in Fauria and Cam pan, 1998; Inouye, 2000). In this study, we focused on the 
importance for nest location of some visual cues, i.e. three dimension and color contrast 
at the nesting site. 
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Perceiving the 3rd dimension or depth is crucial for orientation and allows for 
distance estimation. Bee eyes are fixed, close together, and positioned laterally on the 
head, allowing for a very limited binocular vision range, perhaps a few centimeters at 
best (Cartwright and Collett, 1979; Campan et al., 1997). Two other mechanisms, 
probably used in combination, have been proposed for measuring distances (Cartwright 
and Collett, 1979; Cheng et al, 1987). The first mechanism suggests that by knowing the 
retinal image size of a known landmark at a specific distance, bees can compute the 
distance of any other objects relative to that one landmark in the landscape (Cartwright 
and Collett, 1979; Collett and Harkness, 1982; Cartwright and Collett, 1983; Srinivasan 
et al., 1989). The second mechanism proposes motion parallax as means for assessing 
absolute distances and gauging absolute sizes of objects (von Helmholtz, 1867; 
Srinivasan et al., 1989, 1990) To measure the distance to an object, the insect performs 
sideways body movements, leading to retinal image displacements. The faster the retinal 
displacement, the closer the object is relative to another object, or to the background 
(Kirchner and Srinivasan, 1989; Srinivasan et al., 1990). Thus, motion parallax allows 
the perception of the third dimension (reviewed in Lehrer, 1996) Previous studies have 
shown the importance of third dimension perception at a feeding place (Srinivasan et al., 
1990; Lehrer et al, 1988) and landmark recognition (Cartwright and Collett, 1979; 
Brunnert et al., 1994; Zeil, 1993b); however, evidence on third dimension perception at 
the nesting site has yet to be demonstrated. 
We know that bees see the world in color (for review, see Giurfa and Lehrer, 
2001), with the exception of red (von Frisch, 1967; Osgood, 1968). Bees can also 
perceive contrast in colors, the contrast between an object, e.g., landmark or flower, and 
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the background (Srinivasan et al., 1990; Lehrer and Bischof, 1995; Giurfa et al., 1996; 
Campan et al., 1997; Fauria, 1998; Hempel de Ibarra et al., 2000; Giurfa and Lehrer, 
2001 ). Color and contrast in color at the nesting site have been shown to be important for 
nest location of several bee species (Turner, 1908; von Frisch, 1967; Osgood, 1968; 
Steinmann, 1985; Fauria, 1998). 
By the analysis of color contrast and motion parallax, bees can determine the 
configuration of an object For example, a bee will look at two different lines of contrast 
for a tree, i.e., each side of the tree trunk, defining lines of contrast with the background 
The bee, using motion parallax, will see those two lines of contrast moving at the same 
speed on its retina, therefore, concluding that the space between the lines of contrast 
defines a single object (Cam pan et al., 1997). 
In this study, we designed three field experiments to assess the importance of 3-
dimensional patterns and color contrast patterns as cues used by 0. lignaria and/or M 
rotundata nesting females to locate their nest. We addressed the following questions: 1) 
Do nesting females use 3-dimensional patterns as a cue for nest location? 2) If so, what is 
the minimum depth nesting females can detect? 3) Do nesting females use contrast in 
color patterns as a cue for nest location? 4) If so, is the intensity of the color contrast 
important? 5) Is the 3-dimensional pattern of lesser or greater importance as a nest 
· Jocation cue than the color contrast cue? 6) Do M rotunda ta cue on 3-dimensional 
patterns and/or color contrast patterns differently than 0. lignaria? 
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MATERIALS AND METHODS 
Bees 
Megachile rotunda ta and 0. lignaria are active at different times of the year, 
spring for 0. lignaria and summer for M rot11ndata. They differ in size: M. rotundata 
females measure around 9 mm in length (Stephen, 1962) and weigh 3 5 mg on average 
(Richards, 1984), whereas 0. lignaria measure l 0-15 mm in length (personal 
observation) and weigh 92. 3 mg on average (Rust, 1991) In nature, both species nest in 
preexisting cavities, such as tree trunk holes or abandoned nests of other bees or wasps. 
In the cavities, they build linear series of cells, each cell containing a mixture of nectar 
and pollen on which an egg is laid (Osgood, 1964; Klostermeyer and Gerber, 1969; 
Torchio, 1989) Only females build and provision the nests; males do not participate in 
brood care. Megachile ro11111data, the alfalfa leafcutting bee, lines its nests with leaf 
pieces (Osgood, 1964) and is used in commercial pollination of alfalfa (Bohart, 1972; 
Osgood, 1974; Richards, l 984). Osmia lignaria, the blue orchard bee, uses mud 
partitions to construct its nests and is an important pollinator of orchard crops, such as 
apples, cherries and almonds (Torchio, 1991; Bosch and Kemp, 2001). 
Study Sites and Nesting Materials 
Experiments with M. rot1111data took place during the summer months of 2000-
2003, on Conservation Reserve Program land containing alfalfa, near Newton and Logan, 
Utah. For 0. lignaria, the experiments were carried out in apple orchards in North Ogden 
and North Logan, Utah, during the springs of 2000, 2002, and 2003. 
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The nesting shelters used for each experiment and both species were wooden 
boxes (80 x 30 x 40 cm) with the front side open. The boxes were attached to three, 180 
cm metal fence posts, holding the box I m above the ground. All shelters were oriented 
southeast, for better female establishment and early morning activity (Stubbs et al., 
1994). Wood blocks (8.5 x 8.5 x 14 cm) into which holes had been drilled were provided 
as nesting materials. Each hole contained a paper straw that could be removed and 
replaced. Straws of different inner diameters were used to accommodate the different 
sizes of the two bee species: 5.5 mm for M rotundata and 7.5 mm for 0. lignaria. 
Nesting blocks were painted black. We used Krylon Living Color, low odor Latex 
Enamel to paint the nesting blocks. Three colors were used to paint the fronts of the 
blocks: black (7401 Satin Black), bright blue (7206 Denim) and gray (mix of 50% black 













Fig. 3.1. Spectral reflectance for the three colors (black, blue and gray) used on the 
nesting blocks for the color contrast pattern experiment. Spectra measured with using a 
spectrophotometer, D-2000 Spectral Output with a Deuterium lamp source (Ocean Optics 
D-2000). 
Each nesting shelter was provided with six nesting blocks that were numbered 
and arranged in two rows of three blocks each (Fig. 3.2). The nesting blocks used in 
experiments 1 and 3 contained 16 ( 4 x 4) holes, and in experiment 2, 30 (6 x 5) holes. 
The nesting blocks were placed centrally, flush with the outer edge of the shelter. 
0000 ~Row 1 
Block I ➔ 0000 
0000 Block 2 Block 3 
0000 
t 
Block 4 ➔ 
Column 1 
Block 5 Block 6 
Fig. 3.2. Diagram of the nesting blocks. Each nesting cavity was assigned a 3-digit 
number for block, row and column. This number was also used to identify the female 
nesting in that cavity. 
Populations 
Megachi/e rot1111data populations in the prepupal stage were purchased each year 
in the fall and transferred to a 4 °C cooling unit. Twenty-three days before beginning the 
experiments, the cocoons were transferred to a 29 °C incubator to warm the larvae for 
completion of development and emergence (18-19 days for males and 21-24 days for 
females) 
Each year, field-trapped 0. lignm·ia brood within paper straw nests were brought 
to the laboratory during June, placed in incubators at 22 °C and allowed to complete 
development to adulthood ( confirmed using X-radiography in mid-September). The 
nests, containing adults within cocoons, were then cooled in a 14 °C incubator for two to 
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four weeks to avoid fat body depletion (Bosch and Kemp, 2001) and finally transferred 
to a 4 °C cooling unit from October through April. Several days before beginning the 
experiments, cocoons were incubated at 26 °C until emergence (1-3 days for males; 4- 7 
days for females). 
Newly emerged females of both species were momentarily cooled (4 °C) and 
marked for individual identification with a dot of colored enamel paint (Testors) on the 
thorax. Subsequently, each female was individually placed into a straw plugged at both 
ends with cotton. All straws were then inserted in the nesting blocks before transport to 
the field 
Four populations of M. rot1111data were released, 504 females in July 2000, 375 in 
July 2001, 150 in July 2002, and 240 in July 2003. We released three populations of 0. 
lignaria, 192 females in May 2000, 240 in March 2002, and l 90 in April 2003. With each 
female population, we released twice as many males. Data collection was conducted no 
sooner than one week after release, allowing time for the bees to mate, and for females to 
select a nesting cavity and initiate nest-provisioning. 
Procedures 
When a bee returned from a foraging trip, we used an audio tape recorder to 
record the time and behavior she exhibited while searching for her nesting hole, from as 
early as she could be seen in front of the nesting blocks, until she entered her nest. A map 
of the nests helped us identify which female (individually marked) was nesting in each 
hole (Fig. 3.2). 
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In each treatment, we modified three blocks out of the six, and alternated 
modified blocks (1, 3, and 5) and non-modified blocks (2, 4, and 6) (Fig. 3.2). We 
recorded the nest location time and behavior of as many females as possible in the control 
situation (before the treatment was applied). Then, we applied the treatment (changing 
the 3-dimensional or the color contrast pattern) to blocks 1, 3, and 5 ( experimental 
situation), and again recorded the time and behavior of the females returning to the 
nesting holes. 
To test if a 3-dimensional pattern and/or a color contrast pattern at the nesting site 
are cues used by M. rot1111data nd/or 0. hgnar;a females in nest location, the 
experiments were designed to allow comparison of the time spent by females to locate 
their nest, before (T 8 ) and after (TA) applying a treatment (i e, a change applied to the 
nesting blocks), giving an indication on the delay experienced by females locating their 
nest after a treatment was applied (T.<\-T s) 
We also recorded the behavior exhibited by those returning females when 
attempting to locate the nesting hole. We defined five categories, and each category was 
assigned a score. 1) Direct flight: the female went straight into her nest, without 
hesitation (score= 0). 2) Hovering flight: the female performed a hovering or zigzagging 
flight in front of the nesting blocks (score= 1). 3) Reorientation flight: the female 
reoriented, i.e. left the vicinity of the nesting blocks and then returned (score= 2). 4) 
Wrong-hole visitation the female entered a wrong hole (score= 3). 5) Lost: the female 
did not find her nest in the time allotted for the experiment (score= 4) The score for each 
female was computed by adding up the scores of each behavior performed in a single nest 
location attempt. We also reported the behavior score before (B8 ) and after (BA) applying 
a treatment. The increase in behavior score (BA-Bs) was used as an indicator of the 
degree of confusion or disorientation experienced by the females. 
Experiments 
Experiment I: 3-dimensional pattern 
This experiment tested whether the 3-dimensional pattern at the nesting site is a 
cue used by females to locate their nest. We selected three treatments defined by the 
depth of the 3-dimensional pattern applied to the blocks. This would allow us to 
determine a minimum depth change detected by females, if at all. 
a) 3D-1 cm. From a 2-dimensional pattern (all six blocks black and flush) to a 3-
dimensional pattern of 1 cm (blocks I, 3, and 5 pushed inward 1 cm). 
b) 3D-2 cm. From a 2-dimensional pattern (all six blocks black and flush) to a 3-
dimensional pattern of 2 cm (blocks 1, 3, and 5 pushed inward 2 cm) 
c) 3D-6 cm. From a 2-dimensional pattern (all six blocks black and flush) to a 3-
dimensional pattern of 6 cm (blocks 1, 3, and 5 pushed inward 6 cm) 
Experiment 2: color contrast pattern 
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This experiment tested whether the contrast in color pattern at the nesting site is a 
cue used by females to locate their nest. We selected three treatments defined by contrast 
in color applied to the blocks. In this experiment, all six blocks were black in the control 
situation, then blocks 1, 3, and 5 were substituted by three similar blocks of a different 
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color, transferring the straws containing active nests to the new nesting blocks. 
a) Black (control). From a black/black pattern (all six blocks black and flush) to a 
black/black pattern (blocks 1, 3, and 5 replaced by three similar black blocks). 
This treatment tested if the replacement of the blocks by other black blocks or the 
transfer of the straws created some interference for the bees when locating their 
nest. 
b) Gray. From a black/black pattern (all six blocks black and flush) to a black/gray 
pattern (blocks 1, 3, and 5 replaced by three similar gray blocks). 
c) Blue. From a black/black pattern (all six blocks black and flush) to a black/blue 
pattern (blocks 1, 3, and 5 replaced by three similar blue blocks). 
Experiment 3: 3-dimensional and color contrast 
patterns 
This experiment tested whether a 3-dimensional pattern was a more important cue 
for nest location than a color contrast pattern. In the control situation, blocks 1, 3, and 5 
were gray and pushed 2 cm inward, and blocks 2, 4, and 6 were black, providing a 3-
dimensional pattern as well as a color contrast pattern to the nesting site. 
a) Minus 3D. Blocks 1, 3, and 5 were pulled flush with the three other blocks, 
removing the 3D pattern and leaving the color contrast intact. 
b) Minus color. The three gray blocks were replaced by three similar black blocks, 
transferring the active nests into the new black blocks, thus removing the color 
pattern and leaving the 3D pattern intact. 
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Statistical Analysis 
We used SAS Y8 (SAS Institute Inc., 1999-2001) for all analyses. Differences in 
nest location time and behavior scores obtained for each female before and after the 
treatment (paired samples) were analyzed with the non-parametric univariate procedure, 
using the Sign Test based on the median; the statistic Mis reported. The Sign test 
compares the number of positive differences (TA> T 8 ), to the number of negative 
differences (Tr\< Ts), regardless of the magnitude of the increase. The null differences 
are not included in the analysis. However, a majority of the females included in the 
analysis obtained a null difference for behavior scores, thus we did not report the 
percentage of females with (BA> B13) (behavior score before (B13) and after (BA)). 
Comparisons of differences between before and after for nest location times and behavior 
scores between treatments of the same experiment were analyzed using a non-parametric 
NP AR 1 WAY procedure with the Kolmogorov-Smirnov two-sample test (asymptotic) 
based on the distributions; the Kolmogorov-Smirnov Statistic (asymptotic) KSa is 
reported. The Kolmogorov-Smirnov test compares the distribution of the differences 
between two samples. 
RESULTS 
Megachile rotundata 
Experiment 1. 3-dirnensional pattern 
Megachi/e rot,mdata females were very sensitive to a 3-dimensional treatment, 
i.e., spent more time locating their nest after a 3-dimensional pattern had been applied to 
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Table 3.1. Nest location time and behavior scores for experiment 1 (3-dimensional 
pattern) with Megachile rotundata for the three treatments, before and after a treatment 
was applied. 
Time (sec) % bees with 
T1·eatment na mean ± SE median range TA> T n b M; P-valuec 
3D-1 cm Before 36 1.39±0.10 1.2 0.6 - 2.7 
After 36 2.42 ± 0.31 1.85 0.7 - 10.7 
Difference 1.03 ± 0.31 0.45 -1.1-8.6 72.2% 8; 0.01 
3D-2 cm Before 28 2.50 ± 0.37 2 0.8 - 8.8 
After 28 7.96 ± 1.98 3.95 0.7 - 48.2 
Difference 5.46± 1.89 1.2 -2.0 - 44.1 71.4% 6; 0.03 
3D-6 cm Before 19 1.83 ± 0.23 I. 7 0.6 - 4.8 
After 9 N/A't N/A N/A 
Behavior Score 
Treatment mean± SE median range M; P-value 
3D-I cm Before 0 0 0 
After 0.44 ± 0.11 0 0-3 
Difference 0.44 ± 0.11 0 0-3 7; 0.0001 
3D-2 cm Before 0.36 ± 0 09 0 0 - I 
After 1.07 ± 0.29 I 0 - 7 
Difference 0. 71 ± 0.36 0 -I - 6 5; 0.013 
3D-6 cm Before 0.16 ± 0.09 0 0-1 
After N/A N/A N/A 
0 n: sample size used for nest location time and behavior scores. 
b Percent of females that spent more time locating their nest after the treatment was 
applied. 
c Sign Test. 
JN/ A: not applicable because of missing values (see text) 
the nesting site (Table 3.1). Females also displayed a greater frequency of behaviors 
consistent with disorientation, leading to increased behavior scores. Of the females from 
treatment 3D-1 cm, 72.2% increased their nest location time as well as their behavior 
scores. Similarly, 714% of the females from treatment 3D-2 cm increased both nest 
location time and behavior scores. 
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The females of treatment 3D-6 cm were greatly confused when searching for 
their nest, hovering in front of the nesting holes, checking other nesting cavities, and 
reorienting for extensive periods of time. Very rapidly, females would aggregate in front 
of the nesting site, flying into each other or fighting for a nesting cavity, allowing for 
individual tracking of only 4 7.4% of the returning females, compared to 100% for the 
other two treatments (3D-1 cm and 3D-2 cm). Thus, no nest location times or behavior 
scores could be calculated after the 3D-6 cm treatment was applied as results would have 
been biased toward the less confused females that could actually be tracked back to their 
nest. 
Experiment 2. Color contrast pattern 
Megachile rotunda/a females returning from a foraging trip spent more time 
locating their nest after a color contrast pattern had been applied to the nesting site. 
Disorientation among returning females also resulted in increased behavior scores (Table 
3 .2). The black treatment was not statistically significant for both nest location time and 
behavior scores. In this case, only <65% of the females experienced a delay to locate 
their nest (Tr\> T8 ) and the remaining 35% of the females actually improved their 
performance by reducing nest location time. Females of the gray treatment significantly 
increased both nest location time and behavior scores as 85.3% of the females were 
disoriented following implementation of the treatment. As with the 3D-6 cm treatment, 
only 50% of the females could be individually tracked back to their nest after the blue 
treatment was applied and therefore no statistical comparison could be made. 
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Table 3.2. Nest location time and behavior scores for experiment 2 ( color contrast 
pattern) with Megachile rotunda ta for the three treatments, before and after a treatment 
was applied. 
Time (sec) % bees with 
Treatment na mean± SE median range TA>TBb M; P-valuec 
Black Before 34 1.48 ± 0.17 1.15 0.8 - 5.4 
After 34 2.46 ± 0.39 1.6 0.7 - 10.4 
Difference 0.83 ± 0.44 0.4 -4.3 - 9.3 64.7% 5; 0.12 
Gray Before 34 2.88 ± 1.11 1.5 0.8 - 39.2 
After 34 31.24 ± 17.72 6.3 0.8 - 600.0 
Difference 26.50 ± 17 .80 4.6 -37.5 - 598.0 85.3% 12; <0.0001 
Blue Before 24 2.30 ± 0.54 1.5 0.6 - 12.0 
After 12 NIAd NIA NIA 
Behavior Score 
Treatment mean± SE median range M; P-value 
Black Before 0. I 8 ± 0.07 0 0-1 
After 0.32 ± 0.08 0 0-1 
Difference 0.15±0.ll 0 -l - I 2.5; 0.30 
Gray Before 0.82 ± 0.62 0 0 - 21 
After 3.53 ± 1.73 l 0- 57 
Difference 2.66 ± 1.88 1 -21 - 57 8; 0.0009 
Blue Before 0.33±0.18 0 0-4 
After NIA NIA NIA 
0 
n: sample size used for nest location time and behavior scores. 
b Percent of females that spent more time locating their nest after the treatment was 
applied. 
c Sign Test. 
dN/ A: not applicable because of missing values (see text) 
Experiment 3. 3-dimensional and color contrast 
patterns 
Removing the 3D pattern (minus 3D) elicited a significant increase in both nest 
location time and behavior scores as 100% of the females were disoriented (Table 3.3). 
Instead, the females of the minus color treatment did not significantly spend more time 
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Table 3.3. Nest location time and behavior scores for experiment 3 (3-dimensional and 
color contrast patterns removed) with Megachile rotundata for the two treatments, before 
· and after a treatment was applied. 
Time (sec) % bees with 
Treatment na mean ± SE median range TA> T 8 b M; P-valuec 
Minus 3D Before 15 1.07 ± 0.09 I 0.6 - 2.0 
After 15 15.77 ± 9.73 3.4 1.1-150.0 
Difference 14.70 ± 9.73 2.6 0-149.0 100% 3; 0.0001 
Minus color Before 16 1.28±0.10 1.2 0.8 - 2.4 
After 16 12.60 ± 4.37 4.8 0.8 - 61.2 
Difference 11.28 ± 4.40 3.6 -1.2 - 60.0 68.8% 7; 0.21 
Behavior Score 
Treatment mean± SE median range M; P-value 
Minus 3D Before 0 0 0 
After 3.27 ± 2.09 1 0- 32 
Difference 3.27 ± 2.09 I 0 - 32 4; 0.0008 
Minus color Before 0.06 ± 0.06 0 0 - I 
After 1.63 ± 0.81 I 0 - 13 
Difference 1.56 ± 0.82 -I - 13 4; 0.022 
0 
n sample size used for nest location time and behavior scores. 
b Percent of females that spent more time locating their nest after the treatment was 
applied. 
c Sign Test. 
locating their nest as only 68.8% of them appeared disoriented. However, the treatment 
resulted in higher behavior scores. The comparison between the two treatments did not 
show any statistical difference for either nest location time (KSa = 0.87; df = 1; P > 0.4) 
or behavior scores (KSa = 0.41; df = 1; P > 0. 9). 
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Table 3.4. Nest location time and behavior scores for experiment 1 (3-dimensional 
pattern) with Osm;a hgna,·;a for the three treatments, before and after a treatment was 
applied. 
Time (sec} % bees with 
Treatment n a mean± SE median range TA>Tub M; P-valuec 
3D-1 cm Before 46 2.35 ± 0.33 1.5 0.4 - 9.9 
After 46 4.17 ± 0.68 1.9 0.8 - 20.7 
Difference 1.82 ± 0.68 0.5 -7.4- 19.0 58.7% 4; 0.29 
3D-2 cm Before 27 1.71 ± 0.24 1.4 0.9 - 7.4 
After 27 6.74 ± 3.25 2.6 0.9 - 89.3 
Difference 5.04 ± 3.28 0.5 -4.8 - 88.0 81.5% 7; 0.007 
3D-6 cm Before 22 2 09 ± 0.41 1.3 0.7 -- 8.8 
After 12 NIA" NIA NIA 
Behavior Score 
Treatment mean± SE median range M; P-value 
3D-l cm Before 0.41 ±0.13 0 0-4 
After 0.98 ± 0.28 0 0 - 11 
Difference 0.57 ± 0.29 0 -4 - 10 5; 0.064 
3D-2 cm Before 0.22 ± 0 12 0 0-3 
After 1.19 ± 0.55 I 0- 15 
Difference 0.96 ± 0.58 0 -2 - 15 4.5; 0.035 
3D-6 cm Before 0.95 ± 0.68 0 0- 15 
After NIA NIA NIA 
0 n: sample size used for nest location time and behavior scores. 
b Percent of females that spent more time locating their nest after the treatment was 
applied. 
c Sign Test. 
dN/ A: not applicable because of missing values (see text) 
Osmia lignaria 
Experiment 1. 3-dimensional pattern 
Osmia hgnar;a females of treatment 3D-1 cm did not significantly increase either 
nest location time or behavior scores (Table 3.4). With the treatment 3D-2 cm, females 
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significantly spent more time locating their nest and obtained higher behavior scores as 
81. 5% of them were disoriented. The females from the 3D-6 cm treatment were greatly 
disoriented as were M. rotundata females with the same treatment. They were hovering, 
checking other holes and reorienting, allowing for individual tracking of only 54.5% of 
the females back to their nest. 
Experiment 2. Color contrast pattern 
Osmia hgnaria females spent more time locating their nest and obtained higher 
behavior scores after a color contrast pattern had been applied to the nesting site (Table 
3.5). Females tested with the black treatment did not significantly spend more time 
locating their nest, nor did they obtain higher behavior scores as only 53.8% of the tested 
females were disoriented. With the gray treatment, females significantly increased nest 
location time and behavior scores with 72% of them being disoriented. Of the females 
tested with the blue treatment, 81.8% of them showed a significant increase in nest 
location time and behavior scores. 
Experiment 3. 3-dimensional and color contrast 
patterns 
Removing the 3-dimensional pattern (minus 3D) significantly increased both nest 
location time and behavior scores, as 100% of the females were disoriented (Table 3.6). 
Removing the color contrast pattern (minus color) significantly increased nest location 
time as well as behavior scores, with 93 8% of the females showing confusion. 
Comparing treatments did not reveal a statistical difference for nest location time (KSa = 
1.07; df = 1; P > 0.1) or behavior scores (KSa = 0.59; df = 1; P > 0.8). 
58 
Table 3.5. Nest location time and behavior scores for experiment 2 (color contrast 
pattern) with Osmia lignaria for the three treatments, before and after a treatment was 
applied. 
Time {sec) % bees with 
Treatment n a mean± SE median range TA>Tnb M; P-valuec 
Black Before 13 I. 15 ± 0.09 l 0.9 - 2.0 
After 13 2.48 ± 0.84 1.8 0.7 - 11.9 
Difference 1.33 ± 0.83 0.2 -0.4 - 10.7 53.8% 0.5; >0.9 
Gray Before 25 2.04 ± 0.38 1.2 0.8 - 8.8 
After 25 93.04 ± 50.63 2.3 0.8 - 900.0 
Difference 91.00 ± 50.65 0.5 · -4.2 - 898.1 72.0% 5.5; 0.04 
Blue Before 22d 1.56 ± 0.32 1.0 0.6 - 6.8 
After 22 173.81 ± 168.87 2.65 0.7 - 3720.0 
Difference 172.25 ± 168.90 1.15 -1.9- 3719.0 81.8% 7; 0.0043 
Behavior Score 
Treatment mean± SE median range M; P-value 
Black Before 0 0 0 
After 0.46±0.31 0 0-4 
Difference 0.46±0.31 0 0-4 1.5; 0.25 
Gray Before 0.28 ± 0.14 0 0-3 
After 3.12±1.38 0 0- 30 
Difference 2.84 ± 1.38 0 -1 - 30 4; 0022 
Blue Before 0.59 ± 0.34 0 0-7 
After 3.55 ± 1.81 I 0- 39 
Difference 2.95 ± 1.88 0 -7 - 39 4; 0.039 
0 
n: sample size used for nest location time and behavior scores. 
b Percent of females that spent more time locating their nest after the treatment was 
applied. 
c Sign Test. 
d Actually 28 females, only 22 could be tracked and analyzed both before and after the 
treatment. 
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Table 3.6. Nest location time and behavior scores for experiment 3 (3-dimensional and 
color contrast patterns removed) with Osmia lignaria for the two treatments, before and 
after a treatment was applied. 
Time (sec) % bees with 
Treatment mean± SE median range TA> T8 b M; P-valuec 
Minus 3D Before 14 I.I 1 ± 0.22 0.9 0.7 - 4.0 
After 14 9.36 ± 3.63 4.35 1.0- 50.0 
Difference 8.26 ± 3.65 3.5 0 - 49. l 100% 7; 0.0002 
Minus color Before 16 0.96 ± 0.05 0.9 0.8-1.5 
After 16 3.79 ± 1.11 2 1.0-17.8 
Difference 2.83 ± I. 10 1.05 -0.2 - 16.9 93.8% 6.5; 0.0005 
Behavior Score 
Treatment mean± SE median range M; P-value 
Minus 3D Before 0.29 ± 0.29 0 0-4 
After 4.36 ± 1 .86 j 0 - 22 
Difference 4.07 ± 1.89 0 - 22 4; 0.008 
Minus color Before 0 0 0 
After 1 .44 ± 0.60 0 0-7 
Difference I .44 ± 0.60 0 0-7 3.5; 0.016 
a 
n: sample size used for nest location time and behavior scores. 
b Percent of females that spent more time locating their nest after the treatment was 
applied. 
c Sign Test. 
DISCUSSION 
To orient in their environment, bees use colors, lines of contrast and depth 
(reviewed by Srinivasan et al., 1990; Campan et al., 1997) The importance of color 
contrast has been demonstrated for food places (reviewed by Srinivasan et al., 1990; 
Giurfa and Lehrer, 2001 ), landmarks (Cheng et al., 1986) and nesting site recognition 
(von Frisch, 1967; Osgood, 1968; Fauria, 1998). A three-dimensional perception of the 
world is central to estimating the distance to an object, the distance between two objects, 
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and the absolute size of an object Three mechanisms have been proposed for 3D 
perception, i.e., binocular vision; retinal image size, which determines the position of an 
object relative to another; and motion parallax, which gives absolute distances (von 
Helmholtz, 1867; Ca11wright and Collett, 1979; Cheng et al, 1987; Lehrer et al., 1988; 
Kirchner and Srinivasan, 1989; Srinivasan et al., 1989, 1990; Brunnert et al., 1994; 
Lehrer and Collett, 1994; Zhang et al., 1995; Zeil et al., 1996). Although our experiments 
were not designed to determine which of these three mechanisms were involved in 3-D 
perception, our results suggest that binocular vision was not used here for 3-D perception. 
Indeed, returning females of both species perceived the changes applied to the nesting 
site at distances greater than 10 cm, where binocular vision is not yet available 
(Cartwright and Collett, 1979; Campan et al., 1997). For the second mechanism, retinal 
image size, returning females could have used the position of surrounding nesting holes 
or the edges of the nesting shelter to deduce the relative position of their individual 
nesting cavity. Finally, motion parallax could also have been used by informing the bee 
of her actual distance to the nesting site. 
Aside from visual cues, bees could also use olfactory cues emanating from the 
nesting cavities when approaching the nesting site. However, previous studies showed 
that several solitary bee species could still locate their nesting cavity after it had been 
covered with a transparent plastic film (Anzenberger, 1986; Raw, 1992; Fauria, 1998). 
Furthermore, manipulation of the nests to remove olfactory cues from inside the nesting 
cavity did not impair the nest location ability of M. rot,mdata and 0. lignaria, but only 
delayed the decision of entering the nest (Guedot et al., unpublished data). 
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Our experiments addressed the importance for nest location of color contrast 
and 3-dimensional patterns at the nesting site with M. rotundata and 0. lignaria. We 
either added (experiment 1 and 2) or removed (experiment 3) a color contrast and a 3-
dimensional pattern to the nesting site and observed in most cases a delay in nest location 
for both species. These results support previous reports of delays in nest location with 
several bee and wasp species after adding or removing visual cues in proximity to the 
nest (reviewed in Fauria and Campan, 1998). 
Our results indicate that M. rot11ndata and 0. lignaria nesting females perceive 3-
dimensional patterns at the nesting site, and increasing the 3-dimensional pattern depth 
led to an increase in disoriented females in both species The treatment 3D-6 cm elicited 
such confusion for both species that the observations could not be recorded. However, the 
minimum depth at which the bees displayed confusion differs between species. 
Megachile rotundata females perceived a depth of 1 cm, whereas 0. lignaria females 
were not disoriented by the 3D- l cm treatment, putting the minimum depth detected at 2 
cm. These results concur with previous studies with the honeybee proposing a minimum 
height of 2 cm for a target to be detected over a background (Srinivasan et al., 1989, 
1990). Other studies showed that honeybees discriminate patterns presented 5 or 6 cm in 
front of a background at the feeding site (Lehrer et al., 1988; Zhang et al., 1995). 
Megachile rot11ndata and 0. lignaria nesting females also perceive color contrast 
patterns at the nesting site, concurring with previous observations (Turner, 1908; von 
Frisch, 1967; Lehrer and Bischof, 1995; Fauria, 1998). The brighter the color contrast the 
greater the percentage of disoriented females. These results are consistent with the 
importance of contrast intensity reported for the honeybees (Hempel de Ibarra et al., 
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2000; Giurfa and Lehrer, 2001 ). Interestingly, 0. lignaria nesting females were less 
disoriented by a blue contrast than M. rotundata. 
The results of experiment 3 for both species were not conclusive, probably due in 
part to our sample sizes. Megachile rotundata females were disoriented when the third 
dimension was removed, but not when the color contrast was removed. This could 
suggest that M rot1111data females more readily use a 3D pattern for nest location than a 
color contrast; however, the two treatments are not significantly different. More bees 
need to be tested prior to drawing any definitive conclusions. Osmia hgnaria females 
were equally disoriented by removing the third dimension or the color contrast, and thus 
we could not infer which cue is predominant. Combining the two intermediate treatments 
tested in experiments 1 (3D 2-cm) and 2 (gray contrast) did not guarantee that the two 
cues were of comparable "intensity" in respect to the modality (3D or color) tested. 
However, it is possible that nesting females use whichever cue is available, irrespective 
of its modality, as long as it provides sufficient information to locate the nest. 
The differences in the results obtained for each species (minimum depth, 
disorientation with the blue contrast or removing color contrast) may indicate that M. 
rot1111data orients more with visual cues than 0. lignaria. A recent study also showed that 
another solitary bee, Epicharis metatarsalis, only uses visual cues for nest location 
(Inouye, 2000). 
Regarding the behavior exhibited by returning females, when leaving the nest 
after a disorienting treatment, M. rotunda/a and 0. lignaria females were often observed 
displaying a zigzagging flight. These zigzagging flights resemble the pattern described 
for the "turn-back-and-look" behavior of honeybees (Lehrer, 1991, 1993 ), or the 
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"learning flights" behavior of solitary wasps of the genus Cerceris (Zeil, 1993a, 
1993b ). Honeybees and solitary wasps have been shown to learn the characteristics of a 
feeding place or nesting site during this "learning flight" (Lehrer, 1991; Zeil et al., 1996). 
More specifically, Lehrer and Collett (1994) showed that honeybees learn both apparent 
size and absolute distance of landmarks upon departure from the feeding site, thus 
acquiring depth information. Such behavior has been observed in the initial phase of 
learning a new feeding place (Lehrer, 1993). Investigating if this behavior occurs more 
often after a 3D treatment compared to a color treatment would be of interest, as it was 
suggested that honeybees learn color characteristics of the feeding site better upon arrival 
and depth information upon departure from a feeding site (Lehrer, 1993) Additionally, 
the hovering and reorientation flights observed during nest location with disorienting 
treatments could be involved in comparing the image of the nesting site learned and 
stored during "learning flights" with the new configuration of the nesting site (Cartwright 
and Collett, 1982, 1983, 1987). By reorienting, females could reacquire information from 
the last unaltered cue used for nest location, such as the sides of the nesting shelter 
(Fauria, 1998). 
Understanding the cues used for nest location by M. rotundata and 0. hgnaria has 
important implications, as these species are used in commercial pollination of alfalfa (M. 
rotundata) and fruit trees (0. hgnaria). In commercial situations, large nesting boards 
with thousands of nesting cavities are used, creating high levels of confusion among 
nesting females attempting to locate their nesting hole. Fauria (1998) demonstrated the 
importance of lines of contrast for nest location of M rotunda ta. She painted smaller 
units on commercial nesting boards with different colors, improving nest location 
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performance of nesting females by providing another level of orientation cue. We 
tested the application of some of the results obtained in this study to commercial 
situations with M rot1111data. We designed 3-dimensional nesting boards, adding an extra 
level of orientation cue, and showed an improvement in nest location performance of M 
rotundata females nesting in those 3-dimensional boards (Guedot et al., unpublished 
data). 
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CHAPTER4 
EFFECT OF THREE DIMENSION AND COLOR PATTERNS ON 
NEST LOCATION AND CELL CONTENT OF MEGACHILE 
ROTUNDATA (F.) (HYMENOPTERA: MEGACHILIDAE) 
IN COMMERCIAL ALFALFA POLLINATION 1 
ABSTRACT 
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In commercial situations of alfalfa seed production where high bee densities are 
often released, observations reveal that Megachile rot1111data females make numerous 
mistakes when trying to locate their nests. Additionally, a high level of antagonistic 
interactions, i.e. fights and nest usurpations between females is observed. Such levels of 
mistakes and interactions lead to an increase in the time spent by females locating 
individual nests, thus decreasing alfalfa pollination efficiency as well as healthy brood 
production The objectives of this study were to improve nest location, decrease the 
percentage of chalk brood-related mortality, and decrease the percentage of brood less 
provisions by applying a 3-dimensional pattern, a color contrast pattern or combining 
color contrast and 3-dimensional patterns to nesting boards in commercial alfalfa 
leafcutting bee shelters. Three experiments were conducted. The first experiment showed 
that applying a 3-dimensional pattern by separating the nesting boards when setting them 
up in the nesting shelters improved nest location and decreased antagonistic interactions. 
The second experiment showed an increase in nest location performance with the 3-
dimensional board and the combined 3-dimensional and color contrast board compared to 
1 Coauthored by Christelle Guedot, Jordi Bosch, William P Kemp, and Rosalind R. 
James 
the uniform board. The third experiment did not show a statistical difference between 
the five board designs for the percentage of healthy larvae or brood less provisions. The 
results revealed a decrease in the percent of chalkbrood-infected larvae with the 3-
dimensional board compared to the uniform board. Our study showed that providing 3-
dimensional patterns to commercial nesting boards improved the nest location 
performance of M. rotundata females, and significantly decreased the percentage of 
chalkbrood-infected larvae found in M. rotundata cells. 
INTRODUCTION 
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Megachile ro11111da1a (Fabricius) (Hymenoptera Megachilidae), the alfalfa 
leafcutting bee, is native to Eurasia and was accidentally introduced in North America in 
the 1930's (Stephen, 1962). Tn the 1950's, M. ro11111data was recognized as an excellent 
pollinator of alfalfa, Medicago saliva L., and has since been used commercially for 
alfalfa pollination (Bohart, 1972; Osgood, 1974; Richards, 1984) Most of the alfalfa 
pollination in the US Pacific Northwest is now done by the alfalfa leafcutting bee 
(Peterson et al., 1992; Bosch & Kemp, 2004 ). 
Megachile rot1111data is a cavity-nesting solitary bee, with each female bee being 
fertile, and thus building and provisioning her own nest. Although solitary, M. rotundata 
is gregarious (Kukovica, 1966), so it is possible to manage many individuals at the same 
nesting site for commercial or experimental purposes. Being solitary, individual females 
forage independently and thus can be trained to a feeder only with difficulty. Megachile 
rotundata females provision their nest with pollen, nectar and leaf pieces as nesting 
material. Each provision of pollen and nectar represents many foraging trips and returns 
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to the nest that can be used in observations, particularly in nest location studies. 
Because they are gregarious, nesting females have to locate their own nest among large 
aggregations of nearby nesting cavities. However, M. rotunda ta females show little or no 
hesitation when returning to their nest, suggesting the use of some visual and/or olfactory 
cues. 
In commercial situations, high densities of bees are commonly released, 
approximately 20,000 to 60,000 M. rot1111data females per hectare (Bohart, 1972; 
Strickler, 1996; Fauria, 1998; Bosch & Kemp, 2004). Observations at the nesting boards 
show thatM. rot11ndata females make numerous mistakes, i.e. visit wrong nesting 
cavities, before locating and entering the correct nesting hole. Fu11hermore, a high level 
of antagonistic interactions between M. rot1111data females, i.e. nest usurpation and fights 
are often observed. This high level of wrong-hole visitations and antagonistic interactions 
is attributable, at least in part, to confusion and nesting cavity competition in high bee 
density situations (Fauria, 1998). The consequence of these behaviors is an increase in 
the time spent by females to locate their nests several seconds in low-density situations 
compared to several minutes in commercial situations (personal observations), 
presumably decreasing alfalfa pollination efficiency and bee brood production. 
The competition for nesting cavities between M. rotundata females in high bee 
density situations is exacerbated by the limited number of nesting cavities commonly 
provided (Mayer, 1992), frequently below the recommended three to four cavities per 
nesting female released (Stephen, 1981; Peterson et al., 1992). Fu11hermore, the design of 
the commercial nesting boards forces M. rot,mdata females to locate their individual 
nesting cavity among thousands of visually identical nearby nesting holes. Additionally, 
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several nesting boards are placed inside nesting shelters, either stacked back-to-back in 
rows within the shelters or attached against the interior walls of the nesting shelters 
(Peterson et al., 1992) adjacent to each other in order to maximize the number of nesting 
boards that can fit inside a nesting shelter (personal observations). Mounting the boards 
adjacent to each other probably adds to the confusion of M. rotundata females attempting 
to locate their nests (Fauria, 1998). 
Previous studies have shown the importance of third dimension perception at a 
feeding place (Srinivasan et al., 1990; Lehrer et al., 1988) and for landmark recognition 
(Cartwright & Collett, 1979; Brunnert et al, 1994) Bees are also known to perceive 
colors (for review, see Giurfa & Lehrer, 2001 ), as well as lines of contrast between an 
object, e.g. landmark or flower, and the background (reviewed in Srinivasan et al., 1990; 
Campan et al., 1997). The importance of color contrast has been demonstrated for nesting 
site recognition (von Frisch, 1967; Osgood, 1968; Fauria, 1998). We showed in chapter 3 
that M. rot1111data use 3-dimensional and color contrast patterns as nest location cues 
(Guedot et al., unpublished data) These results prompted our interest in testing the 
importance of 3-dirnensional and color contrast patterns as nest location cues in 
commercial situations where M. rot1111data females make numerous mistakes before 
locating the correct nesting cavity 
Additionally, landing patterns of honeybees showed that bees preferably land on 
the edges of an object, such as a landmark or a target, when that object creates a strong 
color contrast with the background (reviewed in Lehrer, 1994). It was also shown that 
when an object is raised above a background providing a 3-dimensional pattern, bees land 
on the edges of that object (Srinivasan et al., 1990; Lehrer & Srinivasan, 1993). 
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Moreover, M. rotunda/a frequently begin nesting in the cavities located on the edges of 
the nesting boards (personal observations). Furthermore, the nest location performance of 
M. rotundata females was improved by painting smaller units on commercial boards, thus 
providing more contrast edges on the large commercial nesting boards (Fauria, 1998). 
In this study, we first wanted to determine if applying a 3-dimensional pattern, a 
contrast in color pattern, or a combination of 3-dimensional and color contrast patterns to 
the nesting boards could improve the nest location performance, as well as reduce the 
level of antagonistic interactions between M. rot11ndata females. 
Starting in the mid 1970's, a decrease in healthy brood production of about 50% 
compared to the parental population released became common in the Pacific Northwest 
(Peterson et al., 1992), forcing alfalfa seed producers to purchase M rot11ndata bees from 
Canada (Peterson et al., 1992; Strickler, 1996). Besides an increase in nest location time, 
the decrease in brood production has been attributed to several other causes, such as a 
fungal disease called chalkbrood, the drifting of the bees released to other nesting areas, 
the scarcity of floral resources resulting from high bee densities, and early-immature 
mortality, also called "pollen balls" (Bosch & Kemp, 2004) 
Chalk brood, a predominant fungal disease in M. rot11ndata bees, that frequently 
results in great population losses of 50% or more in commercial situations (Peterson et 
al., 1992), was first detected in the US. in 1973 (Goettel & Richards, 1991). 
Ascosphaera aggregata (Ascomycota Ascosphaeraceae) is the causative agent of 
chalk brood in M. rotunda ta (Vandenberg & Stephen, 1982). The spread of the disease 
appears to occur in at least two different ways. The first occurs when the spores from a 
dead larva remain in the nesting cavity and contaminate the nest built there the following 
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year (Peterson et al., 1992). The second, called vertical transmission, occurs when an 
emerging adult chews through a chalkbrood-infected cadaver to emerge from of its natal 
nest (Vandenberg et al., 1980; Stephen et al., 1981 ). Adults emerging through 
chalkbrood-infected cadavers can carry from 9 x 104 to 8 x 107 A. aggregata spores 
(Vandenberg et al., 1980). As the spores do not kill adult bees, they are carried on the 
body of nesting females and will be incorporated in the provision of their offspring 
(Vandenberg et al., 1980). Bee larvae are then contaminated by fungus spores 
(Vandenberg & Stephen, 1982) when feeding on the nectar and pollen provision. After 
ingestion, the spores germinate in the midgut, the resulting hyphae perforate the midgut 
wall, penetrate into the hemocoel, quickly invading and replacing all larval tissues 
(McManus & Youssef, 1984) Fungus sporulation occurs under the cuticle and begins 1-2 
weeks after host mo11ality (Vandenberg & Stephen, 1983). During sporulation, spore 
cysts or ascomata form, consisting of spores that are clustered together as spore balls 
(Stephen et al., 1981 ). High densities of M. rot1111data commonly released in commercial 
situations are hypothesized to facilitate the spread of the disease when nesting females 
enter numerous wrong cavities before locating the correct hole (James, personal 
communication). Additionally, M rot11ndata females looking for a nesting cavity visit 
several holes before establishing, probably disseminating A. aggregata spores. Thus, the 
second objective of this study is to improve the nest location performance of M. 
rotundata females by decreasing wrong-hole visitations, which could in turn decrease 
chalkbrood incidence in M. rot1111data populations. 
Previous observations at a commercial scale also revealed a significant presence 
of pollen balls or early-immature mo11ality, defined as the provision remaining intact due 
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to the fact that either the egg was not laid or died. "Pollen balls" is thus a term used to 
refer to mortality that occurred during the early stages of development and for which the 
causes are not well identified (O'Neill, 2004; Pitts-Singer, 2004). Pollen balls account for 
60% or more of larval mortality (Bohart, 1971) and can be divided in several categories: 
collapsed eggs, dead pre-defecating larvae, dead post-defecating larvae, and broodless 
provisions (Bosch & Kemp, 2004, Pitts-Singer, 2004) Because pollen balls combine 
developmental mortality from various causes, we decided to focus on broodless 
provisions, identified by the presence of the provision remaining intact with no 
developing or dead larva attached to it, because the egg was either removed or not laid. 
The presence of provisions without an egg has been reported to increase with increased 
bee densities (Strickler, 1996). Pollen balls have been attributed to several biotic and 
abiotic causes (Mayer, 1992) More specifically, bee senility and overpopulation could, at 
least partially, explain the presence of brood less provisions (Fauria, 1998). Bee senility 
could indeed have an impact on broodless provisions as old females (>30 days) were 
reported provisioning several holes at the same time and not always laying an egg after 
completion of the provision (Tirgari, 1963 ). Overpopulation in the nesting shelters results 
in confusion and disorientation of M. rot1111data females in front of the nesting boards 
(Stephen, 1981; Fauria, 1998; Guedot et al., 2003), leading to increased nest location 
time. The time spent locating the nest probably results in increased evaporation of the 
provision moisture and also a consumption of some of the nectar carried by the female 
that was destined for the provision. The female might thus decide that the provision is not 
suitable for oviposition and abandon the nest before laying an egg. The third objective of 
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this study was to assess if improving the nest location performance would decrease the 
number of broodless provisions found in M. rotunda ta cells. 
In our study, we designed three experiments to assess the importance of 3-
dimensional patterns and color contrast patterns on nest location performance as well as 
cell content of M rotunda/a females in commercial situations. We addressed the 
following two questions: 1) Do M. rotundata females improve their nest location 
performance, as well as decrease the level of antagonistic interactions, when a 3-
dimensional pattern, a contrast in color pattern, or a combination of 3-dimensional and 
color contrast patterns are applied to the nesting boards? 2) Does an improved nest 
location performance result in reduced A. aggregata contamination and/or broodless 
provisions in M. rotunda/a cells? 
MATERIALS AND METHODS 
Bees 
Megachile rotundata is active from June through August In nature, females nest 
in preexisting cavities such as tree trunk holes or abandoned nests of other bees or wasps. 
In these cavities, females line the nest with leaf pieces and build linear series of cells, 
each cell containing a mixture of nectar and pollen, on which an egg is laid (Osgood, 
1964; Klostermeyer & Gerber, 1969). Only females build and provision the nest, males 
do not participate in nest construction or brood care. Females measure around 9 mm in 
length (Stephen, 1962) and weigh 35 mg on average (Richards, 1984). 
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Study sites and nesting materials 
The first experiment was conducted in July of 2002 and 2003, in commercial 
alfalfa seed fields, near Tremonton, Utah. The second experiment was carried out during 
July of 2002 and 2003 in commercial alfalfa fields near Nampa, Idaho. The third 
experiment took place in the laboratory in Logan, Utah in September-October of 2002 
and 2003. 
The nesting shelters used in experiment 1 consisted of wooden shelters (2.4 x 1.5 
x 1.8 m) opened on one side and oriented southeast, for better establishment and early 
morning activity (Stubbs et al., 1994). Commercial Styrofoam boards (60 x 30 x 9.5 cm), 
containing 1,770 holes each, were used as nesting material. The holes (diameter: 6.3 mm) 
spaced 3 .5 mm apart were used as nesting cavities Five nesting boards were set up per 
shelter prior to the release of the bees 
The nesting shelters used in experiment 2 were wooden trailers (6 x 3 x 2.5 m) 
opened on one side and oriented southeast. Commercial Styrofoam boards ( 105 x 30 x 
9.5 cm) containing 3,150 holes each were used as nesting material. The nesting cavities 
(diameter: 6.3 mm) were spaced 3.5 mm apart. One experimental nesting board (modified 
with color and/or 3D patterns) was set up per shelter prior to the release of the bees. In 
addition, two commercial Styrofoam nesting boards (120 x 30 x 9.5 cm) painted in black 
were placed on each side of each experimental nesting board (fig. 4.1) in order to 
minimize the use of the experimental board edges by M. rot1111data females All paints 
used for nesting boards were l 00% acrylic latex exterior flat. We used black (Olympic 
Premium, base 5, 518- 7) and yellow (Evermore, Ka yak Yellow GH 103) paints for the 
experimental boards These two colors were used because they offer a strong contrast 
(Fauria, 1998) and because M rotundata females show a strong discrimination towards 
yellow (Osgood, 1968; Fauria, 1998). 
FIG. 4.1. Experimental nesting board surrounded by two commercial boards, with 
collecting tray and observer. 
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In experiment 3, we collected the cells produced by the females nesting during the 
summer in the fifteen experimental boards used in experiment 2. To do so, each 
experimental nesting board had previously been provided with paper straws that could 
easily be removed for cell content analysis. The inside diameter of the straws used was 
5.5 mm. The tip of each straw was painted according to the color of the experimental 
boards, either black (7401 Satin Black) or yellow (Maizey satin 7422), Krylon Living 
Color Latex Enamel, low odor. 
Populations 
Megachile rotundata cells were released by the bee s11pplier a few days before 
emergence in the nesting shelters. For experiment 1, three populations were released, one 
per field. In the first field, approximately 114,000 bees and in the second and third field, 
~ 124,000 bees were released per hectare. For experiment 2, three populations were 
81 
released, one per field. In the first field, approximately 136,000 bees, in the second 
field ~157,000 bees and in the third field, ~163,000 bees were released per hectare. 
Approximately 35% of the bees released are females (Baird & Bitner, 1991). Data 
collection was conducted no sooner than three weeks after release, to coincide with peak 
activity (Bosch and Kemp, 2004) and allow time for the bees to mate, and for females to 
select a nesting cavity and initiate nest-provisioning. 
Procedures 
Each experiment was repeated three times, each in a separate field The 
experiment in field 1 was conducted in 2002 and in 2003 for fields 2 and 3. All 
treatments were conducted the same day to avoid a day effect. 
In experiments 1 and 2, we compared the percentage of wrong-hole versus right 
(i e. correct) hole visitations for each treatment. We counted the number of wrong-hole 
and right-hole visitations of M. rot11nda1a returning females for a total of 180 visitations. 
We designed two treatments for experiment 1 and five treatments for experiment 2. 
During antagonistic interactions or when visiting several wrong holes, bees often 
drop the leaf pieces they are carrying back to the nest. For each treatment, in order to 
obtain an indirect measure of antagonistic interactions and confusion, trays were attached 
underneath each experimental board to collect the leaf pieces dropped each day. The leaf 
pieces collected for each treatment were allowed to dry and then weighed. 
Additionally, we randomly selected squares of 225 (15 x 15) holes, and we used 
an otoscope to count at night the number of females resting in the selected 225 nesting 
cavities. This count provided an estimate of female density for each treatment. 
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After the experimental boards were returned to the laboratory, we counted the 
number of completed nests for each board from field 1; we did not report this value for 
fields 2 and 3 because of the low number of completed nests. 
For experiment 3, we returned the experimental boards used in experiment 2 to 
the laboratory. The boards remained outside for at least 21 days to permit chalkbrood 
development and subsequent larval mortality (Stephen et al., 1981; Kemp & Bosch, 
2000). We randomly selected and removed fifty straws from each experimental board 
from each of the three fields. We X-radiographed the straws to look at the content of the 
cells inside the straws. In numerous cases, the cells also had to be dissected for better 
examination (Pitts-Singer, 2004) We scored the cell content according to four categories: 
healthy larva, chalkbrood-infected larva, broodless provision, and other mortality. 
Healthy larvae were identified as cells containing a live M. rotundata larva, usually in the 
last instar (prepupae). Chalkbrood-infected larvae were identified by the hard, chalky 
appearance of the dead larva (Stephen et al., 1981) reflecting the presence of spores; the 
degree of sporulation determined the color of the dead larva, from very dark when 
sporulation had occurred to entirely white when sporulation had failed Broodless 
provision cells were identified by the presence of an intact provision with no developing 
larvae attached to it. The category called other mortality combined any parasite-related 
mortality or other types of developmental failure. For each treatment, the percentage of 
healthy larvae, chalkbrood-infected larvae, broodless provisions, and other mortality was 
calculated. 
Experiments 83 
Experiment 1. This experiment was designed to test if applying a 3-dimensional 
pattern by separating the nesting boards within a nesting shelter, could improve the nest 
location performance of M. rotundata females in commercial situations. We designed 
two treatments (fig. 4.2). 
a) Adjacent-lacks 3-dimensional pattern. Five commercial boards were arranged 
next to each other on the back wall of the nesting shelter. 
b) Separated-adds 3-dimensional pattern. F~ve commercial boards were placed on 
the back wall of the nesting shelter, leaving 10 cm gaps between the boards. 
Adjacent board arrangement Separated board arrangement 
FIG. 4.2. Board arrangements of experiment 1. 
Experiment 2. This experiment was designed to test the effect of applying to 
commercial nesting boards a 3-dimensional pattern, a contrast in color pattern, or a 
combination of both on the nest location performance of M rotunda ta nesting females. 
We designed five experimental boards reflecting the five treatments tested (fig. 4.3). 
a) Uniform. A standard commercial nesting board painted uniform black ( control 
board). 
Uniform Letters Checkered 3D 3D/checkered 
FIG. 4.3. Experimental board designs of experiment 2. 
b) Letters. A standard commercial nesting board painted with the markings 
commonly used by alfalfa producers (black background, yellow markings). The 
yellow markings covered 44% of the nesting holes. 
c) Checkered. A standard commercial nesting board painted with a contrast in color 
pattern (yellow and black) forming fourteen small units (15 x 15 holes). The 
yellow markings covered 50% of the nesting holes. 
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d) 3D. A standard commercial nesting board provided with a 3-dimensional pattern 
of 4 cm in depth and painted uniform black. The board was cut into fourteen small 
units (15 x 15 holes) that were reunited so that adjacent units were offset from 
each other by a depth of 4 cm. 
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e) JD/checkered. A standard commercial nesting board combining the 4 cm-3-
dimensional pattern described above with the checkered color contrast (black and 
yellow) pattern. The yellow markings covered 50% of the nesting holes. 
Experiment 3. This experiment was designed to test the effect of applying to 
commercial nesting boards a 3-dimensional pattern, a contrast in color pattern, or a 
combination of both on the cell content of M. rotunda ta nesting females. We used the 
five experimental boards from experiment 2 as the five treatments tested in this 
experiment. We scored the cell content according to the four categories previously 
described healthy larvae, chalkbrood-infected larvae, broodless provisions, and other 
mortality. 
Statistical analysis 
We used SAS V8 (SAS Institute Inc., 1999-2001) for all analyses. Both 
experiments used a randomized block design, with the fields being treated as blocks. The 
effect of treatment and density on the percentage of wrong-hole visitations and on the 
weight of the leaf pieces collected (experiments 1 and 2), as well as on the percentages of 
healthy larvae, chalkbrood-infected larvae and broodless provisions (experiment 3) was 
analyzed using PROC MIXED (Littell et al., 1996); the F statistic is reported, along with 
the p-value. The category other mo11ality was not analyzed. All percentages were arcsine 
transformed, and leaf pieces weights were log transformed to normalize the distributions 
(Zar, 1999). 
For each experiment, three models were tested when possible. First, we tested for 
a possible interaction of density with treatment. We did not find an interaction effect for 
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any of the experiments (at a= 0.05), and thus did not report the SAS output tables for 
the interactions. We then looked at the effect of density and treatment without interaction. 
If no density effect was found, we tested the effect of treatment alone. The output tables 
for the best-fit (PROC MIXED) model are presented in the appendices. When more than 
two treatments were tested, if a treatment effect was found, a Tukey pairwise comparison 
was performed, and the adjusted p-values were reported (Zar, 1999) For experiment 3, 
the leaf pieces weights were not included in the analysis. 
RESULTS 
Experiment I. Effect of board arrangement 
on nest location 
Megachile rotundata nesting females improved their nest location performance by 
decreasing the percentage of wrong-hole visitation when the nesting boards were 
separated compared to when the boards were adjacent (F = 192.38; df = l, 2; P = 0.005) 
(fig. 4.4; appendix table A. l) The weight of the leaf pieces collected tended to decrease 
with the separated treatment compared to the adjacent treatment (F = 10.05; df= 1, 2; P = 
0 087) (table 41; appendix table A.2). The densities had no impact on either the nest 
location performance (F = O; df = l, 1; P = 0.995) or the leaf pieces weight (F = 0.61; df 
= 1, 1; P = 0.577) (table 4.2). 
Experiment 2. Effect of 3D pattern, color contrast 
pattern, or combination of both on nest location 
The percent of wrong-holes visited by M. rotundata females showed a significant 
difference between the five treatments with an overall statistical model (F = 5.41; df= 4, 
8; P = 0.02) (fig 4.5; appendix table B.1). The Tukey adjusted pairwise comparisons 
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FIG. 4.4. Percent wrong-hole visitation by Megachile rotundata in two board 
arrangements (adjacent and separated) for the three fields. Treatments with different 
letters above them are significantly different statistically (P :S 0.05). 
TABLE 4.1. Weights (in grams) of leaf pieces dropped in trays in one day by 
Megachile rotundata, for experiment 1 (adjacent and separated board 














TABLE 4.2. Percent nesting cavities with Megachile rotundata females present at 
night in the nesting boards of experiment 1 (adjacent and separated board 














revealed a statistical difference between the treatments uniform and 3D (adjusted P = 
0.01) and between the treatments uniform and 3D/checkered (adjusted P = 0.04) (fig. 
4.5). These results indicate that M rotunda/a females improved their nest location 
performance by decreasing the percentage of wrong-hole visitations when nesting in the 
3D and the JD/checkered boards compared to the uniform board. The treatments 
checkered and letters are not statistically different from the other treatments, obtaining 
intermediate percentages of wrong-hole visitations between the uniform and the two 3D 
boards. Regarding the leaf pieces weight, neither the treatments (F = 0.52; df= 4, 7; P = 
0. 73) nor the densities (F = 3. 50; df = 1, 6; P = 0 11) had any effect (table 4.3; appendix 
table B.2). The model considering treatment and density without interaction may indicate 
a possible effect of density on the nest location performance (F = 4.44; df = 1, 7; P = 
0 073), suggesting that wrong-hole visitations increased when densities increased (13%) 
(fig. 4.5; table 4.4; appendix tables B.3 and B.4). 
Concerning the number of completed nests for the boards of field 1, we found that 
the 3D board contained 96% of completed nests compared to 79% for the JD/checkered, 
73% for the letters, and 46% for both uniform and checkered boards. 
Experiment 3. Effect of 3D pattern, color contrast 
pattern, or combination of both on cell content 
The percentage of healthy larvae present inside M. rot11ndata cells was not 
statistically different between the five treatments (F = 2.14; df = 4, 8; P = 0.17) (fig. 4.6; 
appendix table C 1 ). The densities had no effect on the percent of healthy larvae (F = 
1.74; df= 1, 7; P = 0.23) (table 4.4). 
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Uniform Letters Checkered 30 3O/checkered 
FIG. 4.5. Percent wrong-hole visitation by Megachile rotundata females nesting in five 
board designs (uniform, letters, checkered, 3D, 3D/checkered) for the three fields. 
Treatments with different letters above them are significantly different (Tukey test, 
adjusted P ~ 0.05). 
TABLE 4.3. Weights (in grams) of leaf pieces dropped in trays in one day by 
Megacl,ile rotundata, for experiment 2 (uniform, letters, checkered, 3D, 
3D/checkered) for the three fields. 
Treatment Field 1 Field 2 Field 3 
Uniform 4.90 1.26 
Letters 7.91 1.17 0.31 
Checkered 8.81 1.00 0.42 
3D 4.88 0.59 0.18 
3D/checkered 3.37 0.24 0.92 
I . . ] : m1ssmg va ue. 
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TABLE 4.4. Percent nesting cavities with Megacltile rotundata females present at 
night in the nesting boards of experiment 2 (uniform, letters, checkered, 3D, 

























The percentage of chalkbrood-infected larvae present in M. rot11ndata cells 
revealed a statistical difference between the five treatments with the overall statistical 
model (F = 4.23; df = 4, 8; P = 0.04) (fig. 4. 7; appendix table D. l) The Tu key adjusted 
pairwise comparisons showed a statistical difference between the 3D and uniform 
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treatments (P = 0 027) This result indicates that a lower percentage of chalkbrood-
infected larvae was found in the cells produced in the 3D board compared to the uniform 
board. The densities had no effect on the percentage of chalkbrood-infected larvae (F = 
0.14; df= 1, 7; P > 0 7) (table 4.4). 
The percentage of broodless provisions present in M. rotunda ta cells did not show 
a statistical difference between the five treatments (F = 0.64; df = 4, 8; P = 0.68) (fig. 4.8; 
appendix table E. 1) Additionally, the densities had no effect on the percentage of 
brood less provisions (F = 0.02; df = 1, 7; P = 0.88) (table 4.4). 
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Uniform Letters Checkered 3D 3D/checkered 
FIG. 4.6. Percent of healthy larvae present in Megachile rotundata cells in five board 
designs (uniform, letters, checkered, 3D, JD/checkered) for the three fields. 
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Uniform Letters Checkered 3D 3D/checkered 
FIG. 4. 7. Percent of chalkbrood-infected larvae present in Megachile rotundata cells in 
five board designs (uniform, letters, checkered, 3D, JD/checkered) for the three fields. 
Treatments with different letters above them are significantly different (Tukey test, 
adjusted PS 0.05). 
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Uniform Letters Checkered 
□ Field 1 
□ Field 2 
■ Field 3 
30 3O/checkered 
FIG. 4.8. Percent of broodless provisions present in Megachile rotundata cells in five 
board designs (uniform, letters, checkered, 3D, JD/checkered) for the three fields. 
DISCUSSION 
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In commercial situations, where high bee densities are released (Bohart, 1972), M. 
rotundata nesting females are observed visiting numerous nesting cavities in the attempt 
to locate their nest (Mayer, 1992; Fauria, 1998). Furthermore, high levels of antagonistic 
interactions, i.e. fights and nest usurpation, are often observed. The confusion observed in 
M. rotundata nesting shelters leads to an increase in nest location time thus decreasing 
alfalfa pollination efficiency as well as healthy brood production. Furthermore, the 
increase in wrong-hole visitations observed could facilitate the dissemination of A. 
aggregata spores, thus increasing the percentage of chalkbrood-infected larvae (James, 
personal communication), and could also increase the percentage of broodless provisions 
found in M. rotundata cells (Mayer, 1992). 
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interactions. Separating the boards added a J-dimensional pattern to the board 
arrangement, providing more edges and thus more orientation cues to returning females 
(Fauria, 1998). On the other hand, the five adjacent boards formed one large nesting 
surface with very few orientation cues. Previous experiments conducted with M. 
rotunda/a in commercial situations showed an improved nest location performance when 
one nesting board was attached on a shelter wall versus several boards (Fauria, 1998). 
The results of experiment 2 showed an improvement in the nest location 
performance of M. rot1111data females nesting in the two J-dimensional boards, i.e. JD 
and JD/checkered. In the second chapter of this dissertation we showed that M rotunda/a 
females perceive J-dimensional and color contrast patterns applied to the nesting site and 
use them as orientation cues; however, we could not determine if one cue was 
predominantly used over the other (Guedot et al., unpublished data). The results reported 
here show that a 3-dimensional pattern is a better nest location cue than a color contrast 
pattern. Indeed, the differences between the two JD boards were not significant, 
suggesting that the color pattern present on the JD/checkered board did not improve nest 
location. Because the JD/checkered board was designed with the color contrast pattern 
matching the 3-dimensional pattern, it probably did not add any supplementary cue to the 
nesting board compared to the JD board. In order to further test the combination of J-
dimensional and color contrast patterns, a new nesting board should be designed, 
juxtaposing the color contrast pattern onto each small J-dimensional unit: each 3-
dimensional unit should be painted into two colors, thus providing two levels of nest 
location cue. 
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The treatments checkered and letters were not statistically different from the 
other treatments, obtaining intermediate percentages of wrong-hole visitations between 
the two 3-dimensional boards (lowest percentages) and the uniform board (highest 
percentage). The two 3-dimensional boards thus provided better nest location cues than 
the color contrast pattern provided by the checkered and letters treatments. The absence 
of significance between uniform, checkered and letters designs, indicating that a color 
contrast pattern did not improve nest location, does not concur with previous reports 
showing an improvement in nest location performance with the checkered design 
compared to the letters and uniform designs (Fauria, 1998) However, this study differed 
from ours in the experimental conditions, such as female bee densities, as well as the 
response recorded to estimate nest location performance of M. rotundata. The densities 
reported from our night counts could also indicate an effect on the percentage of wrong-
hole visitations: the percentage of wrong-hole visitation seemed to increase with 
increased densities. This supports the idea that releasing high bee densities adds to the 
confusion and competition between M. rot1111data females (Bohart, 1971; Fauria, 1998; 
Bosch & Kemp, 2004). 
Providing 3-dimensional patterns to commercial nesting boards, by either 
separating the boards or by designing 3D boards, allowed M. rot1111data females to 
improve their nest location performance. Painting smaller units on commercial boards or 
using small nesting blocks improved the nest location performance of M. rotunda/a 
females, emphasizing the impo11ance of nesting board edges provided by the additional 
lines of contrast, as orientation cues for nest location (Fauria, 1998) However, simulating 
smaller units on large commercial boards is a better alternative for alfalfa seed producers 
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than using small nesting blocks (Fauria, 1998). Applying a 3-dimensional pattern by 
separating the boards or designing 3D boards also added edges to the nesting boards, thus 
offering more orientation cues to be used by M. rot1111da1a females. Providing more edges 
to nesting boards could also reinforce the natural tendency of M. rotundata females that 
commence nesting in the cavities located on the edges of the nesting boards (personal 
observations). Furthermore, honeybees have been observed landing on the boundaries of 
an object when that object is raised above a background, thus providing a 3-dimensional 
pattern (Srinivasan et al., 1990; Lehrer & Srinivasan, 1993) Future studies should 
therefore investigate separating 3D boards within nesting shelters, juxtaposing two levels 
of 3-dimensional cues for M. rotundata females to use in nest location. 
The results from M. rot11ndata nest content analyses did not reveal any differences 
between the five treatments for the percentage of healthy larvae. The 3D board had 
percentages of healthy larvae lower than 30% for all fields, indicating that the presence of 
healthy larvae did not increase with improved nest location performance. The number of 
completed nests was higher in the 3D board compared to all other boards, even though 
the same densities were released per nesting shelter. This result could indicate that bees 
preferably nest in the 3D board, thus increasing densities and competition in front of this 
board. 
The percentages of healthy larvae found in our study ranged from 7.26% to 
63. 13%. The low percentages were all found in the first field with an average percentage 
of healthy larvae of 13.88%, whereas the percentage of healthy larvae averaged 44.91% 
for the second field and 49.93% for the third field. Two possible causes were identified to 
explain the differences obtained between field 1 and the other two fields. First, the origin 
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of the bees released was different: American bees were released in field 1 versus a mix 
of American and Canadian bees in fields 2 and 3. American bees are known to exhibit 
higher chalkbrood infection levels than Canadian bees (Goettel & Richards, 1991 ), thus 
lowering the percentage of healthy larvae. Reports on percentages of healthy larvae 
showed an average of 53.27% for American bees compared to 80.06% for Canadian bees 
(Pitts-Singer, 2004). Second, the system used to release bees varied: in field 1, the phase-
out system was used, i.e, the cells produced are over-wintered inside the nesting boards 
and M. rotundata adults emerge directly from the boards the next summer. In fields 2 and 
3, the loose-cell system was used, i e , the cells are removed from the nesting boards 
before the wintering period and M. mt1111data adults emerge from the loose cells placed in 
open trays the next summer (Bohart, 1971; Peterson et al., 1992; Bosch & Kemp, 2004). 
In a recent study, higher percentages of healthy larvae were reported in the cells produced 
by the bees released with the loose-cell system (54 2 and 52.9%) compared to the cells 
produced by bees released with the phase-out system (254 and ] 8 5%) (Bosch & Kemp, 
2004). In our study, the low average of 13.88% healthy larvae was reported for the cells 
produced by American bees released with the phase-out system, whereas the higher 
percentages of healthy larvae averaged 44.91 % and 49. 93% and were reported for the 
cells produced by a mix of American and Canadian bees released with the loose-cell 
system. 
The results from M. rot11ndata cell content analyses revealed a significant 
decrease in the percentage of chalkbrood-infected larvae with the 3D nesting board 
compared to the uniform nesting board. This agrees with the results obtained in 
experiment 2 showing a decrease in the percentage of wrong-hole visitations with the 3D 
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board versus the uniform board, strengthening the hypothesis that wrong-hole 
visitations could facilitate the dissemination of A. aggregata spores, thus spreading the 
chalkbrood disease. However, the percent of chalkbrood-infected larvae did not decrease 
in the 3D/checkered board even though this board also obtained a lower percent of wrong 
hole visitations compared to the uniform board. The percentages of chalkbrood-infected 
larvae found in our study ranged from 0% to 24.47%. The high percentages were all 
found in the first field, with an average percentage of chalkbrood-infected larvae of 
21.54%, compared to an average percentage of2 06% for the second field and 4.09% for 
the third field 
The two causes identified to explain the differences obtained between field l and 
the other two fields for the percentage of healthy larvae could also apply to the 
percentage of chalk brood-infected larvae. First, the origin of the bees released, American 
bees in field 1 versus a mix of American and Canadian bees in fields 2 and 3. Because the 
chalkbrood disease is less common in Canada, Canadian bees are less infected than 
American bees (Peterson et al., 1992). Indeed, infection rates of more than 65% are 
common in America versus rates lower than 1% in Canada (Goettel & Richards, 1991). 
Second, the system used to release bees: phase-out system in field l versus loose-cell 
system in fields 2 and 3. With the phase-out system, if a larva has succumbed to 
chalkbrood, the bees nesting fu11her inside the nesting cavity have to chew their way out 
through the chalkbrood-infected cadaver the following season, thus becoming dusted 
with A. aggregata spores (Vandenberg et al., 1980) With the loose-cell system, 
emerging females do not have to chew through chalkbrood-infected cadavers, therefore 
diminishing the incidence of chalkbrood (Baird & Bitner, 1991; Peterson et al., 1992). A 
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recent study reported lower percentages of chalkbrood-infected larvae in the M 
rot1111data cells produced by bees released with the loose-cell system (3 .2 and 7%) 
compared to cells produced by bees released with the phase-out system (38.5 and 44.1%) 
(Bosch & Kemp, 2004). In our study, the low averages of 2.06% and 4.09% occurred in 
the cells produced by a mix of American and Canadian bees, released with the loose-cell 
system, whereas the higher average of21.54% was found in the cells produced by 
American bees, released with the phase-out system. In order to obtain more consistent 
results, future studies should be conducted in a more standardized manner, avoiding 
different bee origins and different bee release methods. 
Further results from the cell content analyses of M. rotundata progeny did not 
reveal any difference between treatments for the percentages of brood less provisions. The 
percentage ofbroodless provisions found in our study averaged 25.34 ± 3.45%. The 
percentage of broodless provisions for the first field averaged 38.95%, for the second 
field 21. 18%, and for the third field 15.90%. These results do not reflect the differences 
previously repo11ed for the percentages of healthy or chalk brood-infected larvae between 
field 1, and fields 2 and 3. The high level of brood less provisions found in our study 
(25.34 ± 3.45%), concurs with reports of 20-30% found in commercial M. rotunda/a 
populations in the U.S Northwestern States (Bosch & Kemp, 2004), but are higher than 
the average 5.9% reported by Pitts-Singer (2004) Some of the reasons that could explain 
the presence of brood less provisions are bee senility, confusion due to overpopulation, 
nest usurpation, and predation (Mayer, 1992) Pollen balls, including broodless 
provisions, were reported predominantly in the cells produced late in the season (O'Neill, 
2004), suppo11ing observations showing that older (>30 days) M. rotunda/a females do 
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not always lay an egg after completing the provision (Tirgari, 1963). Additionally, 
females nesting later in the season have fewer available resources, especially nectar, 
preventing them from provisioning their nest adequately, and sometimes leading to nest 
abandonment Second, when large populations are released in nesting shelters, M. 
rotunda/a females are disoriented when attempting to locate their nest (Bohart, 1971; 
Stephen, 1981; Mayer, 1992; Fauria, 1998; Guedot et al., 2003; Bosch & Kemp, 2004) 
and might occasionally abandon their nest after extensive searches. Third, providing a 
limited number of nesting cavities leads to competition among females (Mayer, 1992; 
Fauria, 1998) Because of confusion and competition for nesting cavities, some females 
are observed usurping the nesting cavities of other females, often removing the larva 
present in the cell (Gerber & Klostermeyer, 1972; Bosch & Kemp, 2004). Additionally, 
when the nest remains open for long periods of time, some larvae might fall from the 
nesting cavity (Bosch & Kemp, 2004). In our study, while collecting the leaf pieces 
dropped, we occasionally found some larvae in the collecting trays; however, we only 
found approximately one larva per treatment Lastly, predation by several species of ants, 
earwigs, beetles and moths could contribute to a small part of broodless provisions as 
these insects remove the larva, as well as some of the provision present in the cell 
(Boha1i, 1972) 
Our study clearly showed that providing 3-dimensional patterns to commercial 
nesting boards, by either separating the boards or by designing 3D boards, allowed M 
rotunda/a females to improve their nest location performance. Furthermore, the 3D board 
design significantly decreased the percentage of chalkbrood-infected larvae found in M. 
rotundata cells. These results have important implications on pollination efficiency and 
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brood production. Indeed, improving the nest location performance of M rotundata 
females leads to a decrease in the time spent locating the nest, thus allowing M. rotundata 
females to spend that extra time pollinating alfalfa flowers. Bosch and Kemp report 
average nest location times of 8 seconds in low-bee-density situation versus 20 seconds 
in high-bee-density situation (Bosch & Kemp, personal communication). Megachile 
rotundata females build one cell a day, requiring 15 leaf trips and 17 pollen trips 
(Klostermeyer & Gerber, 1969), and pollinate approximately 6.3 flowers/min (Bosch & 
Kemp, personal communication). If nest location was improved by 10 sec/pollen 
trip/bee/day, approximately 60,000 extra flowers could be pollinated per gallon of bees 
per day (1 gallon of bees containing 10,000 cocoons of which a third are females). 
Additionally, decreasing chalkbrood incidence in M. rot1111data cells by improving the 
nest location performance of M. rot1111data females would in turn increase brood 
production, ultimately allowing alfalfa producers to use the progeny of their own bees 
from one year to the next. 
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CHAPTERS 
OLFACTORY CUES AND NEST RECOGNITION IN 
THE SOLITARY BEE OSMIA LIGNARIA SAY 
(HYMENOPTERA: MEGACHILIDAE) 1 
ABSTRACT 
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The use of olfactory cues for individual nest recognition by the solitary bee Osmia 
lignaria was studied in a greenhouse environment in Logan, UT during spring 2003. Two 
greenhouse sections were used and each contained an observation room. Glass tubes were 
provided for the bees to use as nesting cavities, so that in-nest behavior could be 
observed. We observed that nesting females drag their abdomen along the tube before 
exiting, spiraling inside the tube, sometimes depositing tiny fluid droplets from the tip of 
the abdomen. Each glass tube had been cut into 3 sections: an outer section (2 cm) 
opening to the greenhouse, a middle section (4 cm), and an inner section (8 cm) plugged 
at the end. Three treatments were conducted in which we removed and replaced with 
similar clean glass tube sections: 1) the outer section; 2) the middle section; 3) both 
sections. In the control treatment, we disassembled and reassembled the glass tube. 
Following these manipulations, we recorded the behavior exhibited by tested females 
upon arrival at the nesting site and inside the nesting tubes. The confusion and hesitation 
displayed by females returning to nests after non-control treatments clearly indicated the 
presence of some olfactory cue used for individual nest recognition inside the entire nest. 
1 Coauthored by Christelle Guedot, Theresa L. Pitts-Singer, James S. Buckner, Jordi 
Bosch, and William P Kemp 
Chemical analysis of the secretions deposited inside the nesting tube revealed the 
presence of free fatty acids, hydrocarbons and wax esters. 
INTRODUCTION 
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The use of visual cues for navigation and nesting site location has been 
extensively studied with bees, especially the social honey bee Apis mell[fera (for reviews 
see von Frisch 1967; Collett 1996; Fauria 1998; chapter 2 and 3), and ants (Holldobler & 
Wilson 1990; Wehner 1992). Olfactory cues have been investigated for their role in 
nestmate recognition in bees, wasps and ants (Michener 1982; Breed & Julian 1992; 
Singer & Espelie 1992, 1996); alarm signals or recruitment trail pheromone in ants and 
stingless bees (Michener 1974; Holldobler & Wilson 1990); and nest entrance location 
with bees (Butler et al. 1969; Cederberg 1977) 
Short-range orientation occurs when an insect is in sensorial contact with its goal. 
With solitary bees that nest in aggregations, short-range orientation upon return to the 
nest consists of nesting site location and individual nesting cavity location, i.e. nest 
location and nest recognition Visual cues have been shown to be of primary importance 
for nesting site location and nest location in several species of solitary bees and wasps 
(Turner 1908; Tinbergen 1958; Fauria 1998; Inouye 2000). However, the decision to 
enter the nesting cavity, i.e. nest recognition, seems to be dictated by some olfactory cues 
(Steinmann 1985, 1990; Anzenberger 1986; Raw 1992; Fauria 1998). The objective of 
our study was to investigate whether olfactory cues are used for individual nest 
recognition with the solitary bee Osmia lignaria. 
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Osm;a hgnaria is a cavity-nesting solitary bee, with each female bee being 
fertile, and thus building and provisioning her own nest. Although solitary, 0. hgnar;a is 
gregarious (Torchio 1991 ), and can be managed at artificial nesting sites for commercial 
or experimental purposes. Being solitary, females forage independently and thus can be 
trained to a feeder only with difficulty. Osmia lignaria, the blue orchard bee, is active 
during the spring and is an important pollinator of orchard crops, such as apples, cherries 
and almonds (Torchio 1991; Bosch & Kemp 2001). Only females build and provision the 
nest; males do not participate in brood care. Osm;a hgnaria build linear series of cells, 
each cell containing a mixture of nectar and pollen on which an egg is laid (Torchio 
1989). Each provision represents many foraging trips and returns to the nest that can be 
used in observations, pa11icularly in short-range orientation studies. Because they are 
gregarious, individual nesting females must locate their nests among large aggregations 
of nearby nesting cavities. However, 0. !ignaria females show little or no hesitation 
when returning to their nest, suggesting the use of some visual and/or olfactory cues. 
Osmia lignar;a females returning from a foraging trip sometimes inadvertently 
enter the wrong nesting cavity Females quickly recognize their mistake, exit the cavity, 
and hover in search for the correct nesting hole (personal observations) Additionally, 
altering the visual cues present at the nesting site elicits disorientation among 0. lignaria 
females Disoriented females hover and inspect several nest entrances, only inserting 
their head and immediately recognizing their mistake (chapter 2 and 3). These 
observations strongly suggest the use of olfactory cues by 0. lignaria for individual nest 
recognition. 
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Previous studies have addressed the use of olfactory cues for individual nest 
recognition with several solitary bee species (Steinmann 1976, 1985; Kukuk et al. 1977; 
Tepedino et al. 1979; Anzenberger 1986; Ayasse 1990; Hefetz et al. 1990; Hefetz 1992; 
Raw 1992; Wcislo 1990, 1992; Inouye 2000). Female bees of different solitary species 
have been observed smearing the tip of their abdomen at the nest entrance, suggesting the 
deposition of olfactory cues presumably used for individual nest marking (Skaife 1952; 
Kapil & Dhaliwal 1968; Gerber & Klostermeyer 1972; Hefetz et al. 1986; Hefetz 1992, 
1998; Strohm et al. 2002). Other reports suggest the use of mandibular secretions for 
individual nest marking in other solitary bee species (Shinn 1967; Steinmann 1976; 
Anzenberger 1986). 
Different methodologies have been used to investigate the use of olfactory cues 
for nest recognition: replacing the entire nest by another active or inactive nest (Tirgari 
1963; Tepedino et al. 1979; Raw 1992; Hefetz 1992); replacing the nest entrance by a 
clean entrance or by the nest entrance of another active nest (Steinmann 1976; Foster & 
Gamboa 1989; Hefetz et al. 1990; Hefetz 1992); or washing the inside of the nest 
entrance with some solvent (Steinmann 1976; Wcislo 1990, 1992). All these procedures 
elicit a delay at the nest entrance by returning females, indicating the importance of 
olfactory cues for nest recognition However, in none of the studies noted above were 
detailed observations of nest marking behavior inside the entire nest conducted. In order 
to identify the secretions deposited inside the nest, researchers extracted the secretions 
deposited at the nest entrance (Brooks & Cane 1984; Kronenberg & Hefetz 1984; Hefetz 
et al. 1986). The chemicals identified at the nest entrance were similar to those present in 
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the secretions of the Dufour' s gland, suggesting a nest marking function to the 
Dufour's gland secretions (for review, see Hefetz 1998). 
The overall goal of this study was to determine if 0. lignaha females rely on 
olfactory cues for individual nest recognition. We defined five objectives: I) determine if 
0. lignaria females exhibit any behavior consistent with nest marking; 2) locate where 
the marking occurs within the nest; 3) determine if this marking is used for individual 
nest recognition; 4) confirm the presence of nest marking through chemical analysis; 5) 
identify the chemical compounds used in nest marking. 
Behavior Study 
Bee populations 
MATERIALS AND METHODS 
A population of field-trapped 0. lignaria brood within paper straw nests was 
brought to the laboratory during June 2002, placed in a 22°C incubator and allowed to 
complete development to adulthood (confirmed using X-radiography in mid-September 
2002). The nests, containing adults within cocoons, were then cooled in a 14°C incubator 
for two to four weeks to avoid fat body depletion (Bosch & Kemp 2001), and finally 
transferred to a 4°C cooling unit from October 2002 through April 2003. Several days 
prior to initiating the experiments, the cocoons containing adult bees were transferred to a 
26°C incubator until emergence ( 1-3 days for males and 4- 7 days for females). Newly 
emerged females were temporarily cooled (4°C), marked for individual identification 
with a dot of colored enamel or acrylic paint (Testors) on the thorax, and released in the 
greenhouse. 
111 
Five populations of 0. lignar;a females were released into the greenhouse: 25, 
35 and 20 in April, and 24 and 20 in May 2003. For each female population, we released 
twice as many males. Data collection was conducted no sooner than one week after 
release, allowing time for the bees to mate, and for females to select a nesting cavity and 
initiate nest-provisioning. 
Study s;tes and neshng materials 
A greenhouse study was conducted at the USDA-ARS Bee Biology and 
Systematics Laboratory on the Utah State University campus in Logan, UT from April to 
June 2003. Two greenhouse sections (greenhouse body 8.7 x 9.8 x 2.4 m; apex of 
triangular roof: 4.5 m) were planted with Phacelia lm1acet?folia Bentham 
(Hydrophyllaceae), which provides a good pollen and nectar resource for 0. lignaria 
(Williams & Christian 1991; Carreck & Williams 1997). An observation room (2.44 m3) 
was located at the center of the north wall of each greenhouse section. A brown plywood 
board (1.22 m2) was attached 64 cm from the ground to the center of the outer south face 
of each observation room (Fig. 51) Two hundred and twenty five holes (8 mm 
diameter), arranged in fifteen rows of fifteen holes (2 cm apart), with every other row 
offset by one cm, were drilled into the center of the board, and clustered in a 28 cm 2 area. 
Twenty-five holes were provided with glass tubes (length: 14 cm; inner diameter: 7.5 
mm) for the bees to use as nesting cavities. The remaining two hundred holes were blind 
(covered with black paper at the rear) to discourage the bees from relying on visual cues 
only to locate their nest. The tubes tightly fit inside the holes drilled in the board, and 
were thus suspended perpendicularly from the inner central wall of each observation 
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room. Glass was the preferred material for in-nest behavior observations and 
subsequent chemical extraction. Each glass tube consisted of three sections: an outer 
section (2 cm) opening to the greenhouse, a middle section ( 4 cm), and an inner section 
(8 cm) plugged at the rear with cigarette filter material. The three glass sections 
comprising each tube were held together with short sections of clear Tygon® plastic 
tubing (inner diameter: 1 cm). Glass tubes were covered with loose-fitting black paper 
sleeves to minimize the amount of light entering the observation room. These sleeves 
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Figure 5.1. Greenhouse with observation room, glass tubes and two observers. 
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Experimental design 
To meet the first objective, we observed twelve nesting females inside their 
nesting tubes intermittently from 21 April to 1 May 2003, from 0900 hours to 1800 hours 
(MST) to record any behavior consistent with nest marking. 
With the second experiment, we conducted the manipulations during peak activity 
of the bees, between 1100 hours and 1700 hours (MST). Temperatures inside the 
greenhouses averaged 26.8 ± 0.27°C. Two observers were present for these observations, 
one inside the greenhouse facing the nesting holes, the other inside the observation room 
observing in-nest behavior of the female bee tested (Fig. 51 ). 
The test procedure for each nesting female consisted of three steps. First, we 
selected a female whose nest contained at least one cell and no more than three, and 
observed this female return to her nest. If the female entered her nest without hesitation 
and deposited the pollen-nectar load, she was selected for testing. After the test female 
departed for a new foraging trip, we performed the manipulation of the nesting tube 
(described below) Upon return of the test female to the nesting site, we used an 
audiotape to record the behavior exhibited by the female at the nest entrance as well as 
inside her nesting tube (from inside the observation room) Each female tested was then 
removed along with her nest so each female was exposed to only one manipulation. 
Manipulations inside the observation room were conducted under red light to avoid 
disturbing the bees (Gould & Gould 1988) and wearing Microflex® latex gloves to avoid 
contamination of the nesting tube with extraneous chemicals. 
For each female tested, we recorded the behavior at her nest, i.e. touching the 
entrance of her nest, inserting the head in her nest, entering the outer section, entering the 
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middle section, touching the provision; and at other holes, i.e. touching the entrance 
of another hole or entering another hole. An attempt was defined as a female touching or 
entering her nest or another hole without depositing the pollen-nectar load, and then 
exiting the cavity. Each attempt was assigned a score of 1. The frequency of attempts 
exhibited by the bee at her nest was averaged as "mean attempts at own nest" and the 
frequency of attempts expressed by the bee at other holes was averaged as "mean 
attempts at other holes." We also recorded whether the female deposited the pollen-nectar 
load in her nest or not, and whether the female marked her nest after manipulations. 
Exper;ments 
Experiment 1. Observations. This observational experiment was designed to 
assess whether 0. lignaria females exhibit any behavior consistent with nest marking. 
Experiment 2. Manipulations. This experiment was designed to determine if the 
marking behavior observed inside the glass nesting tubes was used by 0. hgnaria females 
for individual nest recognition, and to determine where the marking occurs within the 
nest. For these purposes, we defined four treatments for manipulations of the glass tube 
being used by an actively nesting female 
a) Outer section. The outer 2 cm-section of the glass tube was removed and replaced 
by a similar clean section. 
b) Middle section. The middle 4 cm-section of the glass tube was removed and 
replaced by a similar clean section. 
c) Both sections. Both outer and middle sections of the glass tube were removed and 
replaced by similar clean sections. 
d) Control. The glass tube was disassembled and reassembled to account for the 
effect of manipulation. 
Statistical analys;s 
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We used StatXact3 for Windows (Cytel Software Corp., Cambridge, MA) for 
analysis of the mean attempts at a bee's own nesting cavity and the mean attempts at 
other holes. The p-values reported for the mean attempts were obtained using a 
nonparametric median test with a Monte Carlo estimate; the test statistic Tis reported. 
We used SAS V8 (SAS Institute Inc., l 999-2001) for the deposition scores as well as the 
number of marked nest. A x2 test was performed to obtain the p-values for the deposition 
scores and the number of marked nest. Because we performed multiple comparisons, we 




Ten 0. hgnar;a females that were tested in the behavior study were collected 
along with each bee's original outer (2 cm) and middle (4 cm) sections of the glass 
nesting tube; the inner section, containing nest cells, was not used for chemical 
extractions. Each of the ten females was placed in an individual glass vial and freezer-
killed at -16°C. The glass tube sections of her nest were individually wrapped in 
aluminum foil and kept at -16°C. Both the outer and the middle sections of a clean glass 
tube were also extracted as a control. All samples were then shipped to the USDA-ARS 




Lipids were extracted from both outer and middle sections of nesting tubes by 
slowly passing three 500µ1 aliquots of solvent (either hexane or chloroform followed by 
2: 1 chloroform: methanol, or 2: 1 chloroform:methanol only) down the inner walls while 
rotating each tube, and then collecting the solvent in a 12 x 75 mm test tube. The 
collected solvent was filtered through a plug of Kim-Wipe (Kimberly-Clark, Worldwide) 
tapped into the tip of a Pasteur pipette and then transferred to a 300 µI tapered sample 
vial for analysis. 
Cuticular lipids were removed from each bee either by submersion in 10 ml 
hexane for 1 min followed by a 5 ml hexane rinse for 20 sec, or in hexane followed by 
submersion for 30 sec in l 0 ml chloroform, then a 15 sec rinse in 5 ml chloroform The 
extraction solvent was quickly removed from the bee using a Pasteur pipette and filtered 
through glass wool. All solvent rinses were pooled and the volume reduced under 
vacuum and/or a stream of nitrogen (g). 
Lipid analyses 
Individual lipid components were separated and analyzed by capillary gas 
chromatography (CGC) and CGC-mass spectrometry (CGC-MS). CGC analyses were 
performed using an Agilent 6890 gas chromatograph equipped with a temperature- and 
pressure-programmable on-column injector, an Alltech AT™-1HT capillary column 
(0.25 mm x 15 m) and a flame ionization detector (FID) The column oven temperature 
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was held at 75°C for 30 seconds, increased to 225°C at 25°C/min, next increased at 
l0°C/min to 300°C, then increased at 25°C/min to 320°C and held for 45 min. Samples 
were introduced onto the 0.1 µm phase thickness column via a 2 m retention gap of 
uncoated, deactivated fused silica with the hydrogen carrier at 20 psig. After 30 seconds, 
the pressure was reduced to 7 psig, and then increased at 1 psi/min to 30 psig where it 
was held until the end of the run. 
CGC-MS was performed on an Hewlett Packard Model 5890A gas 
chromatograph equipped with a temperature- and pressure-programmable on-column 
injector and a l m retention gap, connected to a J & W Scientific DB- lMS capillary 
column (0.2 mm x 12. 5 m, 0.33 µm phase thickness) coupled to an HP 5970B quadrupole 
mass selective detector. The carrier gas was 0.75 ml/min helium, programmed for 
constant flow. The column temperature was initially held at 150°C for 4 min, then 
programmed to 320°C at 4°C/min where it was held until all peaks eluted. 
Several solvents were used hexane, chloroform (amylene-stabilized) (Burdick & 
Jackson, Muskegon, MI), and methanol (Fisher Scientific, Fair Lawn, NJ). Two lipid 
standards were also used, 11-octacosane and 11-hexatriacontane (Analabs, Inc., North 
Haven, CT). 
The surface lipid extract from each individual bee was dissolved in 300 µI 
chloroform, and 25 ~ti were transferred to a 300 µI tapered sample vial. The extract was 
dried and redissolved in 25 µl of chloroform containing 25 nghtl hexatriacontane as 
internal standard. Quantities of hydrocarbons and wax esters were determined using the 
integrated peak area data from the FID response to increasing quantities (0.39 - 200 ng) 
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of the authentic standard, n-octacosane. The quantities of free fatty acids were not 
determined because of standard availability. 
When CGC-MS analysis revealed a phthalate contaminant that co-eluted with the 
25 :0 hydrocarbon, the hydrocarbon was quantified using the integrated peak area for its 
molecular ion (352 amu) from the integrated peak area data of the MS response to 
increasing quantities (1.56 - 200 ng) of the authentic standard, n-octacosane molecular 
ion (394 amu). 
Behavior Study 
Exper;ment 1. Observahons 
RESULTS 
We observed the in-nest behavior of twelve 0. lignar;a females inside glass tubes. 
After mating, females inspected cavities, searching for a suitable nest. When a cavity was 
accepted, females collected mud that they deposited at the far end of the nest. When the 
first mud partition was completed, females began collecting nectar and pollen to 
provision the first cell. 
When returning from a foraging trip, females first deposited the nectar, turned 
around, inside or outside the nest and deposited the pollen. Females thus exited the nest 
facing the entrance. While exiting the nest, females dragged the tip of their abdomen 
along the entire tube, spiraling and apparently marking also the upper part of the nesting 
tube. Females regularly stopped and brushed the ventral part of their abdomen with their 
hind legs, bringing the tarsi together in contact with the abdomen, and lowering the 
abdomen so the tip came into contact with the glass tube. It has not yet been determined 
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whether the brushing of the abdomen is associated with marking of the nest or just 
involved in cleaning the abdomen to remove the remaining pollen. Females were often 
observed depositing tiny fluid droplets from their abdomen. The fluid droplet, which 
evaporated within seconds, appeared clear most of the time; however, it sometimes 
appeared purplish suggesting the presence of the purple pollen and/or nectar of P. 
tanacetifolia in the secretions. When secreting the fluid droplet, females usually 
continued walking; however, they occasionally stopped and smeared the droplet with 
their legs and the tip of their abdomen. Osmia lignaria females did not exhibit any 
behavior associated with their mandibles or any other part of their body that could be 
interpreted as nest marking behavior. 
During mud deposition, females were rarely observed marking the nest as they 
usually exited the nest by backing out with the abdomen in the lead. If females turned 
around inside the nest during mud deposition, they usually marked the nest. 
Over the day, we observed that females marked the entrance of the nest (outer 
section) for longer periods of time during the first hour of activity, from 0700-0800 hours 
(MST) We also observed that nest marking, and particularly the fluid droplet seemed to 
occur more frequently in both middle and outer sections compared to the inner section. 
Experiment 2. Manipulations 
Osmia lignaria females were very sensitive to the removal of the secretions 
following the replacement of a nest tube section. The returning females exhibited 
hesitation and confusion when contacting the new clean tube sections. 
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When the control treatment was applied, the fifteen females tested entered 
their nest without hesitation and all deposited the pollen-nectar load in their nest (Table 
5.1). The control treatment revealed significantly fewer mean attempts at own nest 
compared to the replacement of the outer section (T < 20.1; P < 0.0001), the middle 
section (T < 30.1; P < 0.0001), and the both sections (T < 30.1; P < 0.0001). Similarly, 
there were fewer mean attempts at other holes in the control treatment compared to the 
outer section (T < 7.1; P < 0.023), the middle section (T < 19.3; P < 0.0001 ), and the both 
sections treatments (T < 30.1; P < 0.0001). Concerning the number of females that 
deposited the pollen-nectar load in their nest, the control treatment was not statistically 
different from the outer section treatment (x2 < 1.04; df = 1; P > 0 3), or the middle 
section treatment (x2 < 3.4; df = 1; P < 0 07) However, fewer females deposited the load 
after the both sections treatment (x2 < 15; df = 1; P = 0. 000 l) 
The replacement of the outer section by a similar clean section elicited hesitation 
and confusion of the returning females at the entrance of the nest. Osmia lignaria females 
did not enter the nest but rather touched or inserted their head inside the outer section 
Table 5.1. Mean attempts expressed at own nest and at other nesting holes as well as 
behaviors exhibited by Osmia lignaria females after manipulations of the nest sections. 
Treatment Mean attempts ± SE Number females Number 
sections replaced own nest other holes that deposited marked 
(n=l5)1 pollen load nest 
Control (none) Oa 0.3 ± 0.2 a 15 a 3a 
Outer section 4.7± 13 b 5.5 ± 2.6 b 14 a 11 b 
Middle section 14.6 ± 1.8 C 11.5 ± 3.7 be 12 a 7 ab 
Both sections 14.3 ± 3.3 be 159±4.3e Sb Sb 
1 n: sample size per treatment. The letters indicate, within columns, the values that are 
significantly different from those values not sharing that letter P < 0.1. 
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(Table 5.1 ), revealing that they detected the absence of nest marking as soon as their 
antennae contacted the nest entrance. The confused females checked several other holes 
(Table 5. 1 ), coming back to the correct nest several times without entering. When the 
females finally entered their nest, they walked to the provision without hesitation and 
deposited the pollen-nectar load. Fourteen out of the fifteen females tested deposited the 
pollen-nectar load in their own nest. The fifteenth female abandoned her nest, 
subsequently usurped another active nest, and marked it repeatedly. Replacing the outer 
section resulted in significantly fewer mean attempts at the bees' own nest compared to 
the middle section treatment (T < 10. 9; P < 0.003), but not compared to the both sections 
treatment (T < 4.9; P < 0 07) The mean attempts at other holes showed that replacing the 
outer section did not result in fewer mean attempts compared to the middle section 
treatment (T < 4.9; P < 0 07), but did significantly result in fewer mean attempts 
compared to the both sections treatment (T < l 0.9; P < 0 004) Additionally, significantly 
more females deposited the pollen-nectar load in their own nest with the outer section 
treatment compared to the both section treatment (x2 < 11. 7; df = 1; P < 0 0008), but not 
compared to the middle section treatment (x2 < 1.16; df = I; P < 0 3) 
When the middle section was replaced by a similar clean section, the returning 
females did not hesitate at the nest entrance, entering the outer section of the nest (Table 
5. 1) However, they abruptly stopped at the beginning of the middle section, touching it 
with their antennae. Females stayed in the outer section of the nest, inspecting it with 
their antennae and spiraling inside the tube. Females then exited the nest, checking 
several other holes, returning to the correct nest and entering the outer section several 
times (Table 51 ). Twelve out of the fifteen females tested ultimately crossed the middle 
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section very slowly, resuming a normal pace when contacting the unchanged inner 
section, and subsequently deposited the pollen-nectar load. The remaining three females 
abandoned their nest, either usurping the nest of another female ( depositing the pollen-
nectar load and/or marking) or establishing in a clean nesting tube (depositing mud). 
Compared to the both sections treatment, replacing the middle section did not result in 
statistically different mean attempts at own nest (T < 0.2; P > 0.9) or at other holes (T < 
2.2; P > 0.2). However, more females deposited pollen-nectar in their own nest after the 
replacement of the middle section compared to the both sections treatment (x2< 6.7; df= 
1; P < 0.01 ), suggesting that the presence of olfactory cues in the outer section helped the 
bees recognize their nest. 
After replacing both outer and middle sections with similar clean sections, 
returning females hesitated at the nest entrance. They did not enter the nest, but rather 
touched or inserted the head in the outer section (Table 5.1 ), exhibiting similar patterns of 
behavior as described with the outer section treatment. The confused females checked 
several other holes (Table 5.1 ), returning to their nest less and less frequently. Females 
were observed checking other active nests rather than blank nesting tubes, and only five 
out of the fifteen females tested ultimately entered their nest and deposited pollen-nectar. 
The remaining ten females abandoned their nest, either usurping an active nest or 
establishing in a clean nesting tube. 
We also recorded whether 0. lignaria females marked their nest when exiting 
immediately after manipulations. Females that deposited the pollen-nectar load in their 
own nest after non-control manipulations marked it intensely. Indeed, fewer females were 
compel led to mark their nest after the control treatment compared to the outer section 
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treatment (x2 < 1 0; df = 1; P < 0 002), the middle section treatment, although not 
significant (x2< 4.3; df= I; P < 0.05), or the both sections treatment (x2< 10; df= l; P < 
0.002). 
To confirm that the absence of olfactory cues was the cause for nest abandonment 
in the both sections treatment, approximately 15 minutes after manipulations, for a subset 
of seven females, we returned the original sections of their nest. Six of those seven 
females relocated their nest within few minutes and resumed nesting after intensive 
marking. 
Chemical Analysis 
The analyses performed on both outer and middle nest tube sections revealed the 
presence of free fatty acids, long chain hydrocarbons and wax esters (Fig. 5.2; Table 5.2). 
The major compounds for all samples were hexadecanoic, octadecadienoic, octadecenoic 
and octadecatrienoic acids, pentacosene, pentacosane, heptacosene, heptacosane, and 
nonacosene, as well as unidentified compounds determined to have a pollen origin (Table 
5.2). 
As with all samples of glass tubes, the gas chromatographs of the outer and 
middle tube sections of a representative O lignaria female revealed identical patterns, 
with differences only in the relative proportions of some free fatty acids (peaks #2 and 3) 
and some hydrocarbons (peaks #7 and 8) (Fig. 5.2; Table 5 2) 
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Figure 5.2. Gas chromatographs of the outer nest tube section, the middle nest tube 
section and the cuticle of an Osmia lignaria female (No. 9). The identification of the peak 
numbers placed on the gas chromatographs are reported in Table 5.2. 
* Unidentified peaks 
** Unidentified peaks of pollen origin 
Comparing the chemical composition of the cuticle to the tube sections, the same 
compounds were present except peak #1 that was only found on the cuticle. Additionally, 
the unidentified peaks marked* in figure 5.2 on the cuticle chromatograph were not the 
same unidentified peaks as those present on the tube sections (Fig. 5.2; Table 5.2). The 
relative proportions of peaks #2, 3, and 4, peaks #7 and 8, peaks #11 and 12, and peaks 
#16 and 17 differed on the cuticle compared to either nest tube section. 
Table 5.2. Compounds present in the outer and middle nest tube sections, as well as 
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40: l, 40 0 (wax esters) 
42: 1,420 (wax esters) 
44: 1, 44:0 (wax esters) 
46: 1, 46:0 (wax esters) 
Oleoyl docosanoate & palmityl tetracosanoate 2 
Oleoyl tetracosanoate & palmityl hexacosanoate 2 
Oleoyl hexacosanoate & palmityl octacosanoate 2 
Oleoyl octacosanoate & palmityl tricontanoate 2 
The peak numbers refer to the numbers on the gas chromatographs represented on Fig 
5.2 1Order of elution. 2Components present in highest concei1tration. 
The average percent composition of the hydrocarbons and wax esters confirmed 
that the same major compounds were present in both outer and middle tube sections as 
well as on the cuticle of 0. lignaria females (Table 5.3). However, the relative 
proportions of lipids, particularly for those same major compounds, varied between 
females as shown by the standard deviations (Table 5.3). 
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Table 5.3. Average percent composition of the hydrocarbons and wax esters present 
in the outer and middle tube sections, as well as on the cuticle of 10 Osmia lignaria 
females. 
Average percent composition± S.D. 
Peak# ID Outer section Middle section Cuticle 
5 23:0 0.53 ± 0.32 0.44 ± 0.30 0.44 ± 0.29 
6 24:0 0.59 ± 0.37 0.26 ± 0.20 0.38±0.16 
7 25 1 19.50 ± 3.92 21.36 ± 3.89 11.11 ±2.66 
8 25:0 13.39 ± 5.62 9.17 ± 1.96 17,.97±3.16 
9 26: 1 1.68 ± 0.34 2.25 ± 0.33 1.26 ± 0.38 
10 26 0 0.56 ± 0.42 0.29±014 0.85 ± 0.67 
11 27: 1 34.08 ± 2.90 36.83 ± 2.15 28.29 ± 4.04 
12 27 0 4.80 ± 1.03 3.98±0.75 8.50 ± 2.43 
13 28: 1 0.75 ± 0.30 0 72 ± 0.18 0.61±0.12 
14 29:1 11.41 ± 0.98 12.40 ± 0.70 12.31 ±0.77 
15 29:0 2.06 ± 0.82 1 .49 ± 0.39 2.85 ± 0.96 
16 31: 1 1.61 ± 0.39 2.16 ± 0.29 2.58 ± 0.39 
17 31 :0 1.81 ± 132 1.64 ± 0.95 2.05 ± 0.75 
18 33B 0.69 ± 0.85 0.28 ± 0.34 0.13±0.16 
19 36:0 1 NIA NIA NIA 
20 40:1, 40 0 l.40±104 2.36 ± 1 .63 1.26 ± 0.66 
21 42:1,420 2.60 ± 0.74 2.40 ± 0.55 4.28 ± 0.62 
22 44:1, 44 0 1.50 ± 0.48 0.94 ± 0.29 2.63 ± 0.35 
23 46: 1,460 1.05 ± 0.48 105±0.47 2.49 ± 0.95 
1 Internal standard. 
Additionally, the total amount of lipid present on the outer section compared to 
the middle tube section also revealed variations between bees (Table 5.4). While several 
0. hgnaria females deposited less than half the amount of lipid in the outer section 
compared to the middle section (females 2, 3, 7, 9, and 10), others deposited equivalent 
amounts of lipid in both outer and middle sections (females 4, 5, 6, and 8). Furthermore, 
the total amounts of lipid varied greatly between bees in the amounts present in the outer 
section (155-33.56 µg), the middle section (5.49-2167 µg) or even on the cuticle (23.85-
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Table 5.4. Total amounts of lipid (µg) per sample of extractable lipids (hydrocarbons and 
wax esters) from both the outer and middle tube sections, as well as from the cuticle of 10 
Osm;a bgnar;a females. 
Bee Outer section Middle section Cuticle 
1 33.56 • 89.44 
2 7.63 21.67 52.33 ..., 
1.55 21.58 69.03 
., 
4 9.76 10.48 71.07 
5 4.23 6.57 23.85 
6 15.26 16.19 26.20 
7 10.18 21.39 57 86 
8 9.55 11.57 44.03 
9 6.11 15.95 63.26 
10 2.61 5.49 88.44 
Sample not suitable for analysis. 
89.44 µg). However, the amount of lipid obtained from the cuticle is likely to vary with 
the size and/or age of the bee. 
DJSCUSSION 
Solitary bees and wasps use visual cues for nesting site and nest location (Turner 
1908; Tin bergen 1958; Fauria 1998; Inouye 2000) The decision of entering the nesting 
cavity however seems to be dictated by olfactory cues (Steinmann 1985, 1990; 
Anzenberger 1986; Raw 1992; Fauria 1998) Numerous studies addressed the use of 
olfactory cues for individual nest recognition, suggesting the deposition of either 
abdominal or mandibular secretions for individual nest marking (Steinmann 1976, 1985; 
Kukuk et al. 1977; Tepedino et al. 1979; Anzenberger 1986; Ayasse 1990; Hefetz 1992; 
Hefetz et al. 1990; Raw 1992; Wcislo 1990, 1992; Inouye 2000). The objective of our 
study was to investigate whether olfactory cues are used for individual nest 
recognition by 0. lignaria. 
Behavior Study 
Experiment 1. Observations 
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In-nest observations revealed that 0. lignaria females lay the tip of their abdomen 
on the glass tube, depositing abdominal secretions inside their nest. These observations 
agree with previous reports suggesting the use of abdominal secretions for individual nest 
marking with several solitary bee species (Skaife 1 952; Kapil & Dhaliwal 1968; Gerber 
& Klostermeyer 1972; Hefetz et al. 1986; Hefetz 1992, 1998; Strohm et al. 2002). 
Females were observed dragging their abdomen inside the entire nest, not exclusively at 
the nest entrance. This is the first report of nest marking behavior inside the entire nest. 
Indeed, studies concerning nest marking behavior involved observations only at the nest 
entrance (Skaife l 952; Kapil & Dhaliwal 1968; Anzenberger 1986; Hefetz et al. 1986; 
Foster & Gamboa 1989; Ayasse 1990; Steinmann 1990; Hefetz 1992; Strohm et al. 
2002). Furthermore, we observed no other behavior consistent with nest marking, such as 
secretions originating from the mandibles. Our observations contrast with previous 
reports of other solitary bee species, including two other Osmia species, 0. cornuta and 
0. bicornis, which were allegedly reported depositing mandibular secretions inside their 
nest (Shinn J 967; Steinmann 1976; Anzenberger 1986) 
Experiment 2. Maniplllations 
Manipulations of the nest tube sections elicited confusion and hesitation, clearly 
indicating the presence of some olfactory cue used for individual nest recognition by 0. 
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lignaria females, corroborating previous results on several solitary bee species 
(Skaife 1952; Kap ii & Dhaliwal 1968; Steinmann 1976, 1985, 1990; Anzenberger 1986; 
Hefetz et al. 1986, 1990; Ayasse 1990; Wcislo 1990, 1992; Hefetz 1992, 1998; Raw 
1992). Our results cle&rly showed that 0. lignaria females mark the entire length of their 
nesting cavity and that not only the nest entrance is important for nest recognition and 
acceptance. Osmia lignaria females were more confused by the removal of the olfactory 
cues present inside the nest (middle section) compared to the removal of the cues present 
at the nest entrance (outer section), contrasting with results obtained with the ground 
nesting solitary bee, Lasiogloss11mfig11eresi (Wcislo 1992). Returning L.jigueresi 
females accepted their nest immediately after the removal of the olfactory cues through a 
hexane wash of the nest only if the original nest turret, representing the nest entrance, 
was present. The nest turret itself probably represented an important cue in this species. 
Furthermore, when the presence of glandular secretions inside the entire nest of Evylaeus 
111alach11mm was addressed, the secretions deposited, ofDufour's gland origin, were 
present only at the nest entrance (top 2 cm) (Hefetz et al. 1986). In our study, the middle 
section of the nesting tube was twice as long as the outer section. Perhaps the removal of 
the olfactory cues present in such a large portion of the nesting cavity could have been 
more disturbing for returning females. 
Chemical Analysis 
Equivalent amounts of lipid were present in both the outer and the middle sections 
in half of the nesting tubes extracted. Because the middle section is twice as long as the 
outer section, this suggests that females nesting in these tubes marked the outer section of 
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their nest more than the middle section. This marking at the nest entrance could be 
due to individual variability, with some females being prone to mark the nest entrance or 
perhaps as a response to aggressive interactions with other bees. When females entered a 
nest in the presence of the resident female or when an intruder marked a nest in an 
attempt to usurp it, the resident female subsequently guarded her nest, intensely marking 
its entrance. 
The chemical analysis of the secretions deposited inside the nesting tube revealed 
the presence of free fatty acids, hydrocarbons and wax esters. Previous reports, in which 
the nest cell lining of different species of bees was extracted, identified long chain 
hydrocarbons (Brooks & Cane 1984; Kronenberg & Hefetz 1984; Shimron et al. 1985; 
Hefetz et al. 1986; Espelie et al. 1992), fatty acids (Shimron et al. 1985; Williams et al. 
1986; Espelie et al. 1992), esters (Kronenberg & Hefetz 1984; Hefetz et al. 1986), and 
cyclic esters (macrocyclic lactones) (Brooks & Cane 1984: Hefetz et al. 1986). The 
presence of lactones inside the nest of 0. lignaria females should be addressed in future 
studies as our analytical technique was inadequate for detecting lactones. 
The same compounds were found in both the outer and the middle sections of the 
nesting cavities, indicating that the same secretions were deposited in the entire nest, and 
that they had the same origin. Different glandular secretions could be deposited inside the 
nest, some providing a hydrophobic layer or an antimicrobial shield while others could be 
involved in nest marking. The secretions could thus have different origins or 
compositions in different parts of the nest. Furthermore, multiple glands could be 
involved in the nest marking secretions, such as the Dufour's gland, sternite glands, tarsal 
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glands, poison gland, or mandibular glands, and secretions could be combined to 
provide individual variability (Hefetz et al. 1990; Hefetz 1992). 
The compounds identified in the nesting tubes were identical for all bees tested, 
with differences only in the relative abundance of those compounds. The differences in 
relative abundance could possibly provide the individual variability necessary for 
individual nest recognition, as has been suggested for other bee species (Barrows et al. 
1975; Kronenberg & Hefetz 1984; Shimron et al. 1985; Hefetz et al. 1986; Hefetz 1987, 
1990). Moreover, closely related individuals could share more similar nest odors, thus 
exhibiting more similar chemical profiles (Raw 1992). This nest odor similarity could 
explain nest usurpation, behavior often observed even in the presence of numerous vacant 
nesting cavities (Tepedino & Torchio 1994). Future investigations should address the 
possibility of nest odor similarity with closely related individuals through comparisons of 
chemical profiles. 
The compounds identified on the bee cuticle were similar to the compounds 
present in the nesting tube, with differences in the relative propo1iions of some of the 
compounds, as well as in the presence or absence of some unidentified peaks. These 
resu Its suggest the possibi 1 ity of an additional source for the deposited secretions, 
supporting the behavioral evidence of the deposition of abdominal secretions inside the 
nest 
Ground-dwelling bees use abdominal secretions to line their brood cells, 
providing a waterproof layer that protects the brood against microbial and fungal attacks 
as well as from inundation and desiccation (Michener 1964). Extractions of the cell lining 
of several ground-nesting bee species revealed the presence ofDufour's gland secretions 
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(for reviews see Hefetz 1998; Abdalla & Cruz-Landim 2001). Because of the 
complex blend of chemicals present in the Dufour' s gland (Hefetz 1998) and because 
Megachilids have abandoned the ability to line their nest with glandular secretions 
(Michener 1964), secondary functions for the Dufour's gland secretions are likely to have 
evolved (Hefetz 1998). Several roles have been suggested for the Dufour's gland 
secretions: flower marking (Frankie & Vinson 1977; Gerling et al. 1989), nutritional 
supplement for the larvae, pollen germination inhibitor (Williams et al. 1986), nest and 
nestmate recognition (Hefetz 1987; Gerling et al. 1989), and sex pheromone (Hefetz 
1990) Furthermore, Dufour' s gland secretions have been shown to be present at the nest 
entrance (Brooks & Cane 1984; Hefetz et al. 1986), suggesting other roles for the 
secretions, such as nest turret cement (Cane 1983; Brooks & Cane 1984), and nest 
entrance marking (Duffield et al. 1984; Kronenberg & Hefetz 1984; Hefetz et al. 1986, 
1990; Gerling et al. 1989; Hefetz 1998; Abdalla & Cruz-Landim 2001) 
In an interesting study, Shimron and colleagues (1985) clearly showed the 
importance of Du four's gland secretions at the nest entrance. The Dufour's gland of 
several Eucera palestinae nesting females was removed without harming the bees or 
impairing their ability to nest. After the application at the nest entrance of her own 
Dufour's gland secretions, the female entered her nest without hesitation. When foreign 
Dufour's gland secretions were applied, the resident bee hesitated before entering her 
nest, suggesting the use ofDufour's gland secretions for individual nest recognition. 
The presence of Du four's gland secretions on a bee's cuticle might explain the 
similarity between the compounds extracted from the cuticle of 0. lignaria females and 
those found in their nesting tube. Indeed, 0. hgnaha females were observed rubbing their 
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hind legs on their abdomen, thus possibly smearing some Dufour's gland secretions 
on their cuticle. Furthermore, females often turn around inside their nest, their cuticle 
thus coming into contact with the secretions deposited on the nest surface (Hefetz 1990). 
Finally, a study conducted on bumblebees showed similarity in the compounds found on 
the cuticle and in the Dufour's gland secretions. This similarity could be explained by the 
common epidermal origin of the cuticle and the cuticular lining of the gland, suggesting 
that similar tissues should produce similar chemicals (Oldham et al. 1994). Additionally, 
applying whole-body extracts of other L. figueresi females to the nest entrance delayed 
nest recognition by the resident female (Wcislo 1990, 1992). Besides cuticular lipids, 
future studies should explore other potential origins for the secretions deposited inside 0. 
lignaria nests, beginning with the extraction of the chemical compounds present in the 
Dufour's gland secretions. 
Our study clearly demonstrated the importance of olfactory cues for individual 
nest recognition with 0. lignaria, providing a better understanding of how 0. lignaria 
females identify their nest among large aggregations of nearby nesting cavities. Our 
results could have important commercial implications, as these olfactory cues could act 
as an aggregation pheromone, attracting other females to nest nearby (Duffield et al. 
1984). The compounds present in the secretions deposited inside the nest could be 
extracted and applied to commercial nesting boards in order to induce nesting in 
commercial situations and thus improve pollination efficiency (Buttery et al. 1981; Parker 
et al 1983). Alternatively, these compounds could be important attractants for parasitoids 
(Godfray 1994) and thus be used in designing bait traps against specific parasitoids of 0. 
lignaria, such as several species of wasps and beetles (Bosch and Kemp 2001). 
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Since the time of Aristotle, bees have fascinated people. With more than 16,000 
species in the world, bees represent a very diverse group of insects. For many people, 
bees are social stinging insects, living in colonies and producing honey. This is indeed the 
case of the honeybees Ap;.s spp. However, most bee species are solitary, with each female 
bee being fertile, and thus building and provisioning her own individual nest Between 
highly eusocial to completely solitary, several other levels of sociality exist, i.e. sub-
social, semi-social, communal, and quasi-social. Additionally, bees differ in their nesting 
habits: some bees excavate their own burrows, while others nest in pre-existing cavities, 
and yet others build free-standing nests. Bees also differ in the substrate they nest in: 
different soil types, tree trunk burrows, rock niches and plant stems. 
Foraging on flowers for nectar and pollen, bees are major pollinators of natural 
vegetation as well as cultivated crops, and thus help maintain floral diversity. People 
have been and are still fascinated by the behaviors associated with foraging, such as 
flower selection, adaptations for pollen and nectar collecting, flower fidelity, homing 
behavior and the dance language of honeybees, to name but a few. 
I decided to investigate how two solitary bee species, Osm;a hgnaria Say and 
Megachile rot11ndata (F.) are able to find their nest among large aggregations of nearby 
nesting cavities. Both 0. lignaria and M. rot11ndata belong to the family Megachilidae. 
Osmia lignaria, the blue orchard bee, is an important pollinator of orchard crops, such as 
apples, cherries and almonds; and M. rotunda/a, the alfalfa leafcutting bee, is used in 
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commercial pollination of alfalfa. The general objective of my res_earch was to better 
understand how these two species of solitary bees locate their nests and how improving 
nest location could benefit crop pollination. I was interested in investigating the visual 
and olfactory cues used in short-range orientation, specifically nest location and nest 
recognition of both species. 
These two species nest in pre-established cavities and yet differ in many aspects, 
such as their biology, their morphology, their seasonal occurrence, the flowers they visit, 
and the nesting material they use. My studies showed that both species use mostly visual 
cues for nest location and chemical cues for nest recognition. However, from my 
observations, I have also documented behavioral differences between species. Indeed, M. 
rotunda/a seemed more disoriented by the modification of the visual cues present at the 
nesting site than Osmia lignaria (chapter 3) On the other hand, removing olfactory cues 
seemed to alter nest recognition more so with 0. lignaria than with M. rot11ndata, with 
more 0. lignaria females abandoning their nest (chapter 5). 
Furthermore, I was fascinated by the individual variability expressed by females 
of both species. Among the bees tested with the same treatment, I observed some females 
barely affected by the modification applied to the nesting site while others, sometimes 
nesting in the adjacent cavity, were disoriented for extensive periods of time. Finally, 
females of both species exhibited great learning ability after modifications of the cues, 
visual or olfactory, present at the nesting site. Indeed, most females of both species had 
learned the new configuration after few returns to the nesting site, quickly entering their 
nest without hesitation. Yet again, few females required several returns to the nest to 
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learn and accept the new configuration, further supporting the idea of individual 
variabi I ity. 
My results suggested that horizontal displacements of the nest were more 
disorienting than vertical displacements for M. rotundata females locating their nest. My 
results also demonstrated that 0. lignaria and M. rot1111data use 3-dimensional and color 
contrast patterns for nest location. Changing the depth of the 3-dimensional pattern and 
the color contrast brightness had an impact on the nest location ability of both species. 
Applying these results to commercial situations revealed that providing 3-dimensional 
patterns to commercial nesting boards allowed M. rot1111data females to improve their 
nest location performance. The 3-dimensional board also decreased the incidence of 
chalkbrood-related mortality, caused by the fungus Asco.sphaem aggregata. Finally, I 
observed 0. !ignaria females depositing abdominal secretions inside their entire nest and 
demonstrated that females use these secretions for individual nest recognition. A 
chemical analysis of the nest markings revealed the presence of free fatty acids, long 
chain hydrocarbons and wax esters. 
My research is providing new insights to the understanding of the cues used in 
nest location and nest recognition by solitary bees. Furthermore, my results have 
important implications for commercial bee management practices where visual and 
olfactory cues can be manipulated. Improving the nest location performance of M 
rotunda/a and 0. lignaria females leads to a decrease in nest location time, thus having 




Appendix A. Mixed Procedure output tables for experiment 1 
(adjacent and separated board arrangements). 
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Table A.I. Mixed Procedure results for percent wrong-hole visitations of experiment 1 
(adjacent and separated board arrangements). 




















Table A.2. Mixed Procedure results for leaf pieces weight of experiment 1 (adjacent and 
separated board arrangements). 




















Appendix B. Mixed Procedure output tables for experiment 2 
(different board designs). 
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Table B.1. Mixed Procedure results for percent of wrong-hole visitations of experiment 2 
(different board designs). 





















Table B.2. Mixed Procedure results for leaf pieces weight of experiment 2 (different 
board designs). 






















Table B.3. Mixed Procedure results for densities and percent wrong-hole visitations 
(without interaction between density and percent wrong-hole visitations) of experiment 2 
(different board designs). 

























Table B.4. Mixed Procedure results for the effect of density on the percent wrong-hole 
visitations (with interaction between density and percent wrong-hole visitations) of 
experiment 2 (different board designs). 
Solution for Fixed Effects ( df = 7) 
Effect Treatment Estimate Standard Error Pr> !ti 
Density 0.13 0.06 0.0730 
Treatment JD/checkered 54.89 6.72 <0.0001 
Treatment checkered 66.64 6.20 <0.0001 
Treatment 3D 52.46 6 25 <0.0001 
Treatment letters 69.20 5.32 <0.0001 
Treatment uniform 77.00 6.97 <0.000] 
Appendix C. Mixed Procedure output tables for experiment 3 (cell content) 
Percent of healthy larvae. 
Table C.1. Mixed Procedure results for experiment 3 (cell content), percent of healthy 
larvae. 






















Appendix D. Mixed Procedure output tables for experiment 3 (cell content) 
Percent of chalkbrood-infected larvae. 
Table D.1. Mixed Procedure results for experiment 3 (cell content), percent of 
chalkbrood-infected larvae. 






















Appendix E. Mixed Procedure output tables for experiment 3 (cell content) 
Percent of brood less provisions. 
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Table E.1. Mixed Procedure results for experiment 3 (cell content), percent ofbroodless 
prov1s1ons. 
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